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SUMMARY
The k i n e t i c s  o f  i n a c t i v a t i o n  o f  p o l i o v i r u s  typ e  1 and b a c te r ip h a g e  f 2  
by aqueous c h l o r i n e  were a f f e c t e d  by th e  c h l o r in e  concentration, 
temperature. pH and ionic content. Chlorine had little effect above 
pH 9 oic in the presence of ammonia.
In  most cases th e  k i n e t i c s  were not c o m p a t ib le  w i t h  e x p o n e n t ia l  
decay, p ro b a b ly  due to h e t e r o g e n e i t y  in  th e  v i r u s  p r e p a r a t io n s .
C h lo r in e  d io x i d e ,  brom ine c h l o r i d e ,  io d in e  and u l t r a v i o l e t  
l i g h t  were a l l  found to  be e f f e c t i v e  v i r u c i d e s  f o r  p o l io v i r u s e s  and f 2  
and rem ained e f f e c t i v e  a t  pH 9 i n  th e  presence o f  ammonia.
Loss o f  i n f e c t i v i t y  o f  p o l i o v i r u s  o r  f 2  was not accompanied by any 
s t r u c t u r a l  change o b s e rv a b le  by e le c t r o n  m icroscopy e xcep t  in  th e  case  
o f  io d in e  d i s i n f e c t i o n  where p o l i o v i r u s  became perm eable  to  n e g a t iv e  
s t a in  and f 2  d id  not ad-sorb in  a s p e c i f i c  manner. I n  doses much 
g r e a t e r  th a n  th o s e  r e q u i r e d  f o r  lo s s  o f  i n f e c t i v i t y  a l l  d i s i n f e c t a n t s  
produced s t r u c t u r a l  changes in  th e  v i r i o n s .
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INTRODUCTION TO THE STUDY
Disinfection of water supplies was initially designed te destroy bacteria 
and is still evaluated by bacteriological criteria. Maxcy, in 1943, 
speculated as to the possible role of water supplies in the transmission 
of poliomyelitis. At the time little was Known about the survival of 
viruses in the water cycle, but it has since become clear that virus 
diseases can be transmitted by the water route.
The major types of water disinfection in use are chlorination and 
ozonation. Chlorine disinfection is the most widely used and many 
studies have been carried out on the ability of chlorine to inactivate 
viruses. More recently controlled studies on the ozone,bromine, iodine 
and bromine chloride disinfection of viruses have been undertaken both 
in potable water and sewage effluent.
Some of these studies indicate that chlorine treatment sufficient to 
destroy bacteria is not always adequate for virus removal (Berg at al.,
1978). With iodine, optimal conditions for bacteriocidal effects may 
not be ideal for virus removal (Hsu et al., 1966). The kinetics of 
virus inactivation by disinfection do not appear to be always in 
accordance with simple rate laws (Floyd et al 1978c). This may make it 
difficult to establish general disinfection procedures. It is also 
clear that wild isolates may vary in their sensitivity tD disinfection 
and that environmental conditions may also play a role (Liu et al., 1971a).
The purpose of this study was to obtain data on factors which affect the 
survival of viruses treated with disinfectants. Kinetic., studies were 
undertaken to examine the effect of the composition of the water, particularly 
pH, cations and ammonium ions, on the inactivation of viruses by chlorine 
and other disinfectants. The use of redox potential measurement as an index 
of the virucidal capacity of disinfectants was also examined. Finally 
the mechanism of virus inactivation was investigated using radiolabelling,
RNA assay and electron microscopy.
OCCURRENCE AND SURVIVAL OF VIRUSES IN WATER
Infections of the alimentary tract are the most likely virus disease 
to be transmitted by the water route, because pathogens of the 
gastro-intestinal tract have to be structurally stable in order to 
survive the. acid pH in the stomach and the proteolytic enzymes of the 
stomach and duodenim (Fenner 1974). In addition these pathogens are 
excreted in the faeces of man and animals and thus have the opportunity 
to enter the water cycle via sewage outfalls, seepage through the soil 
from landfills and septic tanks, and contamination from farm and wild 
animals [McDermott, 1975). If contaminated water were ingested by a 
susceptible host then pathogens of the alimentary tract would be 
introduced by their normal, faecal-oral route of transmission.
Epidemiological studies are based on the isolation and cultivation of
sinfectious agents of disease from individuals, analysis of dis-ea.se. 
transmission in infected populations and in some cases serological 
surveillance of populations (Evans 1978). These types of investigation 
are likely to be insensitive for a number of reasons, such as the 
failure of the infectious agent to grow in laboratory conditions, 
sub-clinical infections in a large section of the population and local 
variations in population immunity.
Agents with a long incubation period, such as hepatitis B, or those 
producing inapparent infections which later develop into debillitating 
diseases, like Visna virus of sheep, may be difficult to link with 
environmental factors.
In spite of these limitations there are several well documented reports 
of viral diseases transmitted by water, including poliomyelitis 
[Bancroft et al., 1957j Little 1954), infectious hepatitis (Dennis 1959) 
and adenovirus type 3 (Evans 1978). Recreational waters -have also 
been implicated in the transmission of other enteroviruses (Denis T974j 
Hawley et al., 1973j Cabelli 1978). Food that has been washed or grown 
in contaminated \»jater, such as clams and oyster, • may also be a source 
of infection (Evans 1978).
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There is little evidence available in the United Kingdom that the water 
supply is a significant route of disease transmission. The last 
recorded outbreak of typhoid fever due to contaminated municipal water 
supply was in Croydon in 1937. This case was unusual in that the water 
had not been chlorinated and a typhoid carrier was employed in the 
construction of an adit to a well. Since that event all Water Authority 
employees have been screened for typhoid, and chlorination has been 
carried out on all major supplies, including wells. There have been 
records of other minor incidents of typhoid, paratyphoid and gastro­
enteritis from 1937 to 1974, associated with drinking contaminated 
river water, well water or water from supplied with cross connections 
between river water and the main potable supply. Hepatitis A, which 
occurs with a much greater incidence in Britain than typhoid fever, has 
not been reported as a waterborne disease (Public Health Laboratory 
Service 1978; Windle-Taylor 1979).
All these data are based on reported clinical illness. It would be 
possible to extend the studies by a virus watch programme or a serological 
survey. These types of study are of particular importance with virus 
diseases because the majority of infections due to enteric viruses are 
asymptomatic. Even a very detailed fallow up of bathing populations, of 
the type carried out by Cabelli (1978) in which bathers were interviewed 
for details of subclinical maladies, would not detect asymptomatic 
infections. Although these infections are of no importance in themselves, 
they could serve as feci for spread by other means (Berg 1967).
As an alternative to the study, of natural cases of infection the virus 
hazard can be examined by attempting to isolate infectious viruses from 
water. This has the advantage that no infection has to occur before 
the risk is detected, treatment methods can be evaluated by measuring 
a reduction in numbers of viruses and water can be monitored regularly 
for comparatively little expense.
Unfortunately viruses- that can be isolated and grown are not always 
associated with disease, and more importantly, many viruses that are 
associated with disease cannot be cultivated or are extremely difficult 
to cultivate. These latter viruses have been identified with the aid 
of electron microscopy, a technique too insensitive for all but the most
c o n t a m in a t e d  s a m p le s  ( M a d e le y  1 9 7 9 ) .
Current methods employed in monitoring the virus content of water are 
based on concentration techniques using cellulose nitrate membranes 
(Farrah et al., 1978 a, 1978 b) hollow fibre membranes (Belfort et al.,
1975) adsorption to glass beads(Sarrette et al., 1977) gauze samplers 
(Liu et al., 1971) or adsorption to hydroxyapatite (Primrose and Day
1977). The virus concentrates are then grown in tissue culture.
Since the sensitivity of tissue cultures to a range of viruses depends 
on the type of cells used and the assay technique (Schmidt et al., 1978; 
Slade, personal communication), the types and amounts of viruses 
detected may be expected to vary when assay conditions are changed.
Measurements of virus contamination of water by tissue culture methods 
have yielded some data which may be of value in assessing the level of 
contamination by those enteroviruses that grow well and produce a 
characteristic sytopathic effect (cpe) or plaques such as polioviruses 
and CoxsackaeB viruses (Hsiung and Melriick 1957).
Kelly and Sanderson (1960) reported virus titres in raw sewage as high
as 400 infectious units per 100 ml in the warmer months and less than
20 infectious units per 100 ml in the cooler months. The ratio of
6 8viruses to coliforms was 1 10 ' to 1 : 10 , but these values may
reflect the more efficient recovery of coliforms compared with viruses 
by the swab technique. In addition to a seasonal variation in numbers 
of viruses isolated there was also a variation in virus types (Clarke 
and Kabler 19£4). Nupen (1970) reported that the TCID 50 method was 
more sensitive than the plaque method for enumerating viruses from 
sewage and that primary monkey kidney cells were superior to monkey 
kidney cell lines.
The extent of virus contamination in rivers, lakes and esturine waters 
depends on the amount of sewage derived material that is introduced, the 
extent to which the sewage has been treated, if at all, and the stability 
of the virus. Clearly these factors can be expected to vary a great 
deal. Enterovirus concentrations of 13 pfu/litre were detected.in the 
Jordan River 25 km downstream of a sewage outflow serving a community 
of 15,000- (Berger et al., 1970). Kool (1978) reported enteric virus
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concentrations of 10D pfu/1 in the Rhine and 63 pfu/1 in the Mesne,
with coliform counts of 90,000 and 240,000 per litre in the same samples.
Kott et al., (1974 a) reported similar values in flood water. Virus
contamination has been detected in chlorinated primary effluents, at a
level of 2.7 infectious units per 100 ml (Sattar and Westwood 1978)
and in chlorinated drinking water at extremely low concentrations
(Sattar 1978). The only developed country which consistently isolated
virus from finished water was France, and these isolations were all
prior to the adoption of a general policy regarding ozonation (Taylor 1974).
On the basis of the isolation of those viruses which grow in tissue 
culture systemsfthere does not seem to be any cause for concern with the 
capacity of current treatment methods for virus decontamination.
Furthermore Neefe et al., (1947)', who demonstrated that hepatitis A 
could be transmitted to human volunteers by chlorinated water, found 
that if the free residual chlorine level was higher than 0.4 mg/l 
after 30 minutes contact, no transmission of the disease was detected.
In view of the limitations and expense of routine virelogical monitoring 
the desirability of an inexpensive indicator system has been expressed 
(Berger et al.,1968). The routine testing carried out by most 
Water Authorities includes chemical and bacteriological analysis,and 
it would be convenient if virological purity could be related to one or 
both of these standards. Conventional chemical analyses would seem to 
be unsuitable because of their relative insensitivity; Holden (1970) 
has pointed our that bacteriological contamination has often been 
detected in waters found acceptable by chemical analysis. Poynter (1968) 
reported that virus isolates did not correlate with the E. coli count 
in river samples and it is well known that many enteroviruses are more 
resistant to disinfection by chlorine and ozone than E. coli (Weidenkopf 
1958; Liu et al., 1971 a; Evison41978). Although the presence of faecal 
cDliforms and total coliforms suggests that enteric viruses may be 
present, a negative result need not imply that there are no enteric 
viruses (Berger et al., 1968). In the case of chlorinated sewage 
effluent, Berg et al (1978) demonstrated that the concentration of 
viruses was in some cases higher than the concentration of faecal 
coliforms, total coliforms and faecal streptococci. Therefore it seems 
likely that a suitable indicator system for virus contamination is not
- 6 -
Berger et al., (1968) suggested that virologists should attempt to 
provide an organism that could serve as an index of viral pollution.
The indicator should have the following qualities.
1. Present whenever pathogens are present
2. Incapable of regrowth in the environment
3. Present in greater numbers than pathogens
4. More resistant than pathogens to environmental 
stress, including disinfection
5. Capable of simple enumeration
6. Non pathogenic towards man 
(modified from Haas 1977).
Bacteriophages have been advocated as indicator organisms. Shah and 
McCamish (1972) reported that f2 was mere resistant to combined chlorine 
than poliovirus I or bacteriophage T2. They overlook the fact that it 
would be difficult to develop an assay that could distinguish f2 from 
other bacteriophages.. Kott et al., (1.974) claimed that the assay of 
bacteriophages using E. cbli B would provide a satisfactory method for 
investigating the viral pollution of water, although this system would 
not detect the male specific bacteriophages like f2. Using this system 
the authors consistently isolated more coliphage than enteroviruses from 
polluted streams. Coliphages were more resistant to chlorination in 
effluents than coliforms, although less resistant then enteric viruses 
in some cases. Carstens et al., (1965). proposed the use of a bacteriophage 
of Serratia marcescans as an index for human virus survival, but this 
would involve the addition of the bacteriophage to the treatment system 
being evaluated, since it would be:expected to occur at very law 
levels in the environment. Smedberg and Cannon (1976) and Shane et al., 
(1965) have examined the possibility of using cyanophage (viruses that 
infect blue-green algae) as indicators, but the general usefulness of 
these organisms has been criticised on the basis of their lack of 
correlation with known indicators of faecal pollution (Haas 1977) and 
because adequate human virus isolation techniques are available (Stagg 
et al., 1977). It is certainly true that sophisticated procedures for 
concentration of low doses of viruses frcm large volumes of water are
t o  be f o u n d  i n  t h e  c u r r e n t  r o u t i n e  w a t e r  q u a l i t y  t e s t i n g  m e th o d s .
available, yet many of the viruses of interest, notably hepatitis A, 
rotaviruses and parvoviruses (Cabelli 1978) would still not be detected 
and so the viruses that would be isolated (polioviruses, echoviruses, 
reoviruses, some Coxsackieviruses and some adenoviruses) would still 
only be indicators. The validity of a viral index of pollution has 
not been investigated as yet. Cabelli (1978) reported that of a range 
of bacterial indicators of faecal pollution of recreational water, the 
best correlation between indicator concentration and gastrointestinal 
illness was obtained with E. coli or enterococci, however viral indicators 
were not compared, and the author remarked that the pathogens may have 
been more resistant to environmental stress than the indicator organisms.
It is not clear from this study how sewage treatment processes, 
including disinfection, would affect the indicator/pathogen relationship. 
Katznelson and Kedmi (1979) reported that in spite of routine administration 
of live poliovirus vaccine to the infant population, poliovirus was not 
detected in many sewage samples, even though other viruses were detected.
The authors propose that there is no one virus suitable as an index of 
overall viral contamination, and suggest that a cell strain susceptible 
to a wide range of viruses would be more suitable.
Virus indicators have also been used to evaluate the efficiency of 
treatment processes in the removal of pathogens. Most of these studies 
used very high concentrations of viruses in water in order to measure 
the decline in infectivity without having to concentrate infectious 
virus before assays were carried out (Cramer et al., 1976; Weidenkopf 
1958). Virus inactivation covers a wide area of literature, which 
will be briefly reviewed before concentrating on the disinfection aspect.
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INACTIVATION OF VIRUSES 
Kinetics of Inactivation
Virus inactivation is of interest for investigation of virus structure 
as well as the preparation of 'Killed1 vaccines and the evaluation of 
disinfection techniques. Extensive studies of the resistance of viruses 
to physical and chemical agents have been reported and reviewed (Card 
and Maaloe, 1959; Hiatt 1964) and of the survival of viruses in the 
presence of antiserum (Della-Porter and Westward 1978).
Early studies of disinfection of bacteria by Chick (1904) led to the 
formulation of the exponential law which states that the survival ratio 
of a given population decreases exponentially with time, as expressed 
in equation 1.
1. Nt -Kt
.—  -  e
No
2. . Nt1 n —  = - kt
No
Equation 2. shows that a straight line can be obtained by plotting
log Nt against time. This equation describes 'first order’ kinetics.
No
Theoretically it can be applied to the disinfection of a virus only if 
the concentration of disinfectant is in great excess (Hiatt 1964). It 
also applies to the inactivaticn of virus by heat or radiation. Further 
constraints must exist within the system before it could be expected to 
follow first order kinetics, that is it must be homogenous, the virus 
should be inactivated by a single reaction & viruses should not be 
affected by non lethal interactions with the disinfecting agent.
Experimental Observations
Since the original studies reported by Chick (1904) a great number of 
related studies have been carried out, and the fact that inactivation 
by a variety of processes should still result in an exponential decay 
of infectivity means that data from a wide range of sources can be 
compared. Although some reports recorded good experimental agreement
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with first order kinetics (e.g. Ginoza, cited Hiatt 1964, Chang et al 
I960; some of the data of.Bachrach et al., 1957; Cherry and Watson 1949) 
there are many reports which show substantial deviation from this 
pattern (e.g. Berg et al., 1964; Bourdillon 1944; Dimmock 1967; Dugan 
and Trujillo 1975; Fujioka and Ackerman 1975; Kaplan 1958; Katznelson 
and Shuval 1975).
Deviations from Exponential Decay
The deviations from first order kinetics fall into two broad categories, 
those which have an initial lag period before maximum rates of 
inactivation are observed and those which have a persistent fraction of 
infectivity. The reports of Fujioka and Ackerman (1975a) show both 
features in the same experiment. There are a number of possible explanations 
which will be considered in general terms.
Initial ’shoulders’ have been observed and interpreted as the effect of 
viral ’clumping’ (Berg et al., 1964), the time required for the 
inactivating agent to penetrate to the sensitive target in the virion 
(Floyd et al., 1976) and a multi-step inactivation process (Fujioka 
and Ackerman 1975a). A multi-hit inactivation process would also 
produce an initial should****- (-H iatt, _I 96A )
Viral aggregation has also been proposed as a cause of the tailing 
effect frequently observed in survival curves. Elaborate distribution 
patterns of virion clumps of different sizes have been proposed to 
explain so called ’aberrations' in survival kinetics (Scarpino et al.,
1973; Wie and Chang 1975). There are other possible explanations.
Bates et al., (1978) claimed that repeated sub cultures of surviving 
poliovirus infectious units that had been exposed to chlorine resulted 
in an increase in the chlorine resistance cf the progeny, thus the 
genetic heterogeneity of a virus population cannot therefore be excluded. 
However, Koch (I960) provided evidence that the persistant fraction 
of heat inactivated poliovirus was due to the assay system detecting 
both intact RNA present in disrupted virions and RNA released from 
virions. Polio RNA was more thermostable than intact poliovirions and 
was therefore inactivated at a lower rate. Multiplicity reactivation 
(Young and Sharp, 1979) has also been proposed as a cause of a persistant
- 10 -
The classic case of a persistant fraction of infectious virus is the 
formaldehyde inactivation of poliovirus. Early failures to take into 
account deviations from first order kinetics resulted in the distribution 
of live neurovirulent virus in vaccines. In the case of poliovirus 
treatment with formaldehyde a progressive increase in virus resistance 
is observed (Salk and Gori I960). One possible explanation is that 
formaldehyde acts on an internal component of the virus in the disinfection 
process, but at the same time reacts with the protein coat and decreases 
the permeability of the virus. This results in progressive formaldehyde 
induced resistance to formaldehyde (Hiatt 1964).
Kaplan (1958) observed a biphasic inactivation pattern with the heat
inactivation of vaccinia virus. Both components were linear, corresponding
with a first order process. The author attributed this biphasic character
to the presence of a small proportion of identical thermally resistant
viruses. However Hiatt (1964) pointed out that the results show that
4this proportion would have to vary by a factor of 10 in the temperature 
range 50° - 60° to account for the variation in the extrapolated intercept 
of the persistant fraction. An alternative explanation proposed by 
Woese (1960) that the viral nucleic acid could exist in two interconvertible 
forms of different thermostability was also rejected by Hiatt on the basis 
that the rate of inactivation of the unstable structure would have to 
vary enormously over the 10°C temperature range.
Methods of Inactivation
The choice of. methods available for the inactivation of viruses has 
altered little since the review by Gard and Maalow (1959) in which 
inactivating agents were divided into physical, physico-chemical and 
chemical agents. In all cases a simplistic review of inactivation under 
constant conditions would predict a first order process. Deviations from 
an exponential decay-in infectivity therefore reveal a more complex 
situation.
Inactivation of viruses by physical means is of minor importance to the 
water industry. Some studies have been undeffeken on the effect of
f r a c t i o n  o f  i n f e c t i v i t y .
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ionising radiation (Dugan and Trujillo 1975) and surface inactivation 
(Guy et al., 1977). Ultraviolet irradiation has also been evaluated 
(Varjdic 1976) as well as photo-inactivation by light sensitive dyes 
(Hobbs 1977) as possible means of disinfecting water and waste water 
supplies.
Thermoinactivation
Heat inactivation is of little direct interest to water treatment 
processes, though it may find application in sludge disposal (Ward & 
Ashley 1976). However the many detailed studies carried out on heat 
inactivation make it a rich source of data for comparison with other 
methods. Whereas ultraviolet light inactivation produced an exponential 
decay of infectivity in poliovirus preparations (Dulbecco and Vogt,
1955) heat inactivation has been reported to produce a ’biphasic’ 
pattern: the initial rapid decay in infectivity at 50°C was followed 
by a slow loss of infectivity, attributed to a 'persistant fraction'. 
This biphasic pattern was not present at 36.5°C (Youngner 1957).
Koch (1960) attributed the persistant fraction to RNA infectivity 
detected in the assay systems and has provided some evidence to support 
this hypothesis, but this model does not explain the inheritable 
thermoresistance of poliovirus described by Youngner (1957). It seems 
likely that two mechanisms are operating in 50°C heat inactivation; 
first the denaturation of virion proteins and secondly the hydrolysis 
of RNA. At the lower temperatures infectivity is lost only by the 
hydrolysis of RNA. The idea of a structural modification to poliovirions 
is supported by le Bouvier (1959) who observed an antigenic change from 
what he referred to as 'D' to 'C' antigenicity on heating. Dimmock
(1967) reported that two thermodynamically distinct reactions occurred 
when picornaviruses were inactivated by heat, and that antigenicity 
and infectivity were destroyed at the higher temperatures more rapidly 
that RNA infectivity. At the lower temperatures (below 44°C) RNA 
infectivity and infectious virus were destroyed at the same rate. 
Therefore it is possible that in the system -described by Youngner (1957) 
a proportion of the virions were structurally more stable to heat and 
that this property was due to genetic diversity in the population. 
Youngner failed to isolate thermoresistant mutants at the lower 
temperature, as would be expected if inactivation were due to RNA 
hydrolysis alone.
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Wallis and Melnick (1961) reported that poliovirus can be stabilised by 
the presence of calcium or magnesium ions, and Dimmock (1967) noted that 
magnesium chloride increased the temperature at which the ’high' and 
’low’ reactions intersected from 44°C to 48°C. Apparently cations have 
the ability to stabilise the proteins of poliovirus.
Effect of pH
The pH sensitivity of viruses has received considerable attention in 
the past (Rueckert 1976,Gaard and Maaloe 1959). While it may be of 
limited relevance to water purification, which apart from lime treatment 
does not involve extremes of pH, it is of interest to note that the 
viruses found as contaminants in potable water supplies are stable 
over a wide pH range. For example poliovirus is stable from pH 3 
to pH 11.5.
Sulphydral Compounds
Compounds which can react with sulphydral groups have been shown to 
inactivate enteroviruses (Cheppin and Phillipson 1961, Hirst 1960).
The reaction is different from heat inactivation since treated viruses 
remain able to absorb to cell receptors and are unchanged antigenically. 
In addition reducing compounds are able to reactivate the virus, even 
after adsorption (Hirst 1960). Choppin and Phillipson (1961) reported 
that virus adsorption was prevented by p-chloromercuribenzoate although 
the reaction could be reversed by reduced glutathione. Pohjanpelto 
(1958) reported that the incorporation of cysteine in a medium containing 
poliovirus enhanced the resistance of poliovirus to heat inactivation.
Weak Interactions
Agents capable of breaking down non covalent bonds such as 4 M urea and
6.5 M guanidine hydrochloride have been shown to inactivate enteroviruses 
(Fujioka and Ackermann,. 1975 a, b). The stability of poliovirus in 
the presence of these compounds was modified by cations. Many viruses 
are inactivated by detergent, but Mandel (1962) showed that poliovirus 
was resistant tc sodium dodecyl sulphate concentrations of up to 5%
E f f e c t  o f  I o n s
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w/v above pH 5, although below pH 5 poliovirus capsids were dissociated. 
Ammonia
Ward (1978) found that poliovirus infectivity was sensitive to ammonia 
above pH 9. The structure of the capsid was apparently unchanged 
apart from a slight decrease in sedimentation coefficient, but the RNA 
extracted from treated poliovirus preparations was non infectious and 
Ward concluded that RNA was the site of inactivation by ammonia. The 
inactivation kinetics were close to a first order process.
Inactivation by Oxidising Agents
The chemical disinfectants used in water treatment such as chlorine, 
ozone and iodine are all oxidising agents. Whether they achieve their 
results purely through an oxidative process is another matter. Lund 
and Lyke (1961) and Lund (1961; 1963, a, b, c, d and e; 1964; 1965) have 
reported the effects of several oxidising agents, including chlorine, 
on the infectivity of adenovirus, poliovirus and other enteroviruses. 
Poliovirus infectivity was found to decline exponentially with time at 
37°C in solutions with redox potentials of up to 400 mV. A sharp 
increase in virucidal activity was reported in solutions with redox 
potentials in excess of 400 mV, and the exponential decay pattern 
began to break down due to the gradual retardation of the reaction 
rate with time. It is not clear whether this.was due to a gradual 
decline in the redox potential or some other factor.
At potentials of 650 mV or higher an extremely rapid inactivation of 
poliovirus was recorded with chlorine (Lund 1961) but.at lower potentials 
poliovirus was inactivated by chlorine at rates comparable to those 
achieved by potassium permanganate solutions of similar redox potential. 
Lund concluded that chlorine inactivated poliovirus through its ability 
to maintain a high redox potential in solution. The general significance 
of these results is limited because of the high chlorine demand of the 
virus preparations and the unreliability of the redox measurements.
From the rates of inactivation of poliovirus by chloramine T and potassium 
permanganate at different temperatures Lund (1963 a) estimated the
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energy of inactivation for the oxidative process to be 1Q-. 5 kilocalories 
per mole. Poliovirus was found to be inactivated more rapidly at pH 5 
than pH 7 by chloramine T and potassium permanganate and Lund (1963 e) 
accounted for this by the pH effect on the oxidation potential. 
Enteroviruses were found by Lund (1964, 1965) to vary in their resistance 
to oxidising agents. Coxsackievirus A 5 was the most resistant tested, 
followed by poliovirus I, poliovirus II, poliovirus III, Coxsackievirus 
B5, echovirus 9, reovirus I, adenovirus 3 and finally adenovirus 7 was 
the least resistant. Kjellander and Lund (1965) reported that different 
forms of combined chlorine had different disinfectant properties, but 
that they correlated fairly well with redox potential measurements.
Chlorination
Clarke and Kabler (1954) found that Coxsackievirus A2 was more resistant 
to free chlorine than enteric bacteria (Butterfield et al., 1943).
This was the first clear demonstration that virus inactivation might 
have to be considered distinct from the inactivation of bacteria. In 
common with the bacteriological findings, however, Coxsackievirus was 
inactivated more rapidly at pH 7 that at pH 9, and at higher temperatures. 
Clarke et al., (1956 a) found that adenovirus 3 was more sensitive to 
chlorine than Coxsackievirus A2, having approximately the same resistance 
as E. coli.
When poliovirus types I, II and III were inactivated by free chlorine 
at pH 7 it was found that an initial rapid phase of inactivation in the 
first 4 minutes declined with the peirsistance of a small fraction of 
infectious virus (Kelly and Sanderson 1957). It was not clear from 
these results whether the chlorine residual was stable throughout the 
experiments, but poliovirus was found to be more resistant to chlorination 
than enteric bacteria..
Further studies by Kelly and Sanderson (1958) indicated that there was 
a range of sensitivity to chlorine in the different enteroviruses 
studied. Strain differences were in some cases greater than type 
differences, and fresh wild isolates included the most resistant viruses 
tested.
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Weidenkopf (195B) was the first investigator to use the more precise 
plaque assay in his studies on the inactivation of poliovirus by chlorine. 
Taking care to distinguish between free and combined chlorine and using 
a virus preparation which exerted no significant chlorine demand, 
Weidenkopf observed an exponential loss of infectivity in chlorine 
solution at pH 8.5, but at pH 6 and 7 there was an initial rapid loss 
of infectivity followed by a lower rate after the first minute. Even 
ignoring the initial loss of infectivity, the rates of inactivation 
were faster at the lower pH values tested.
Further studies of the effect of pH on the rate of inactivation of 
viruses by chlorine have produced contradictory results. In a comparative 
study using E. coli and poliovirus I Scarpino et al., (1972) found that 
poliovirus was far more resistant to chlorine than E. coli at pH 6.
At pH 10 however, the situation changed dramatically, with E. coli being 
relatively resistant to chlorine whereas poliovirus was more sensitive. 
The data for E. coli inactivation is consistent with other published 
findings, notably the classic paper by Butterfield et al., (1954), but 
the poliovirus data is unique and has been questioned by Kott et al., 
(1975) who attempted to reproduce the experiments of Scarpino et al., but 
failed to confirm their observations. Unfortunately Kott et al.,
(1975) were working with poliovirus type II and therefore it is possible 
that a direct comparison of results could be misleading. So far all 
other studies have supported the general observations of Butterfield 
at al., (1943) with respect to the effect of pH on disinfection, but 
Scarpino's group published further data (Scarpino et al., 1974) to 
substantiate their earlier claims and recorded a similar acid resistant, 
alkaline sensitive effect with Coxsackievirus A9. The same group 
reported that bacteriophage f2 had approximately the same sensitivity to 
free chlorine at pH B and pH 10, whereas bacteriophages T5 and MS2 
and coli were more resistant at pH 10. Investigating this phenomenon 
further, Engelbrecht et al., (1978) reported that the KC1 component of 
the buffer system modified the behaviour of poliovirus dramatically, 
such that In the buffer used by Scarpino et al., (1974) containing 
0.05 M KC1, poliovirus was inactivated more rapidly at both pH B and 
pH 10. The conventional pattern of enhanced resistance at high pH was 
observed when KC1 was omitted from the buffer. With 0.05 M KC1 
Engelbrecht et al., recorded similar rates of inactivation at pH B and
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10, but not the degree of resistance at pH 6 observed by Scarpino et al., 
(1974). Floyd et al., (1979) noted that it was difficult to prevent 
poliovirus aggregation in the presence of KC1.
Engelbrecht et al., (197B) also provided evidence that magnesium and 
calcium ions affected the chlorine inactivation of poliovirus. Magnesium 
ions at a concentration of 0.01M were shown to increase the rate of 
inactivation of poliovirus by chlorine, whereas calcium ions at a 
concentration of 0.002M had the opposite effect. The authors speculated 
that these effects could have been due to calcium and magnesium ions 
modifying the aggregation of virions in suspensions. Some evidence, 
using virus fractions from sucrose gradients of supposed different 
aggregation states, was presented to support the contention that 
aggregation is the major reason that virus inactivation by chlorine 
does not follow simple first order kinetics.
Liu et al., (1971 a) extended their disinfection studies to include a 
variety of wild virus isolates in both phosphate buffered water and 
esturine water at pH 7.8. Most viruses displayed a higher resistance 
to chlorine in the esturine water, although it was clear that chlorine 
demand of the water ' may have influenced the results. All viruses 
survived longer at 2°C than at 22°C. There was a wide range of resistance 
to chlorine amongst the isolates, with from 2.7 minutes to over 60 
minutes was required for 99.99% inactivation by 0.5 mg/l chlorine and 
although most viruses were found to be more resistant to chlorine than 
E.coli, reovirus types 1, 2 and 3 and adenovirus 3 were more sensitive.
This natural variation in chlorine resistance amongst viruses led Bates 
et al., (1978) to attempt to apply selective pressure for chlorine 
resistant strains of poliovirus. Virus suspensions were subjected to 
sublethal exposures to chlorine followed by regrowth and further chlorine 
exposure of the progeny. After as few as 3 cycles of this process an 
increase in chlorine resistance was noted, which increased with 
subsequent cycles. -
The efficiency of chlorine disinfection may be impaired if viruses are 
adsorbed to particulate matter: Stagg et al., (1977 a) reported that the 
adsorption of MS2 coliphage to bentonite clay particles doubled the time
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Shah and McCarmsh (1972) showed that combined chlorine at a concentration 
of 4 mg/l inactivated poliovirus and the bacteriophages T2 and f2 at 
much lower rates than those observed with free chlorine. Of the three 
viruses tested, f2 was the most resistant. Cramer et al., (1976) found 
that if chlorine were allowed to react with waste water before the 
addition of virus, then very little inactivation occurred. If the virus 
was added prior to chlorination an initial rapid loss of infectivity was 
observed, which the authors attributed to the transient effect of free 
chlorine. Disinfection was more effective at low pH and poliovirus III 
was more sensitive to combined chlorine than bacteriophage f2.
Bromine
Until recently comparatively little attention was given to the efficiency 
of bromine as a disinfectant and virucide. However the high disinfectant 
power of brom&mines could be a major advantage over chlorine (Taylor 
and Johnson 1974). Taylor and Johnson (1974) showed that hypobromous 
acid, molecular bromine and nitrogen tribromide were alL highly effective 
virucides in tests using bacteriophage 0 X174. Bromine has also been 
used to inactivate reovirus (Sharp et al 1975, 1976) and poliovirus 
(Floyd et al.,. 1976) at concentrations of 0.2 -.0.6 mg/l.
Keswick et al., (1978) evaluated bromine chloride as a virucidal agent and 
found that on a weight for weight basis bromine chloride was more effective 
than chlorine in demand free water. When tested in the presence of 
ammonia, glycine and sewage effluent bromine chloride was much more 
effective than chlorine, although glycine and sewage effluent did 
inhibit the viricidal effect to some extent.
Iodine
Iodine disinfection requires higher concentrations than bromine, chlorine 
dioxide or chlorine, both for virus inactivation (Berg et al., 1964) and 
bacterial disinfection (Warren and Ridgeway 1978).
r e q u i r e d  f o r  99% i n a c t i v a t i o n  c o m p a re d  w i t h  u n a d s o r b e d  v i r u s e s .
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Berg et al., (1964) found that echovirus 7 was approximately ten times 
more sensitive to iodine than Coxsackievirus A9 and poliovirus I.
Cramer et al., (1976) found that iodine persisted for much longer than 
chlorine after addition to wastewater, and that iodine was a more 
effective virucide at pH6 and 7. At pH 10, detectable iodine was lost 
a few seconds after addition to wastewater, but virus inactivation was 
still achieved, suggesting that iodine was a highly effective virucide 
at high pH. Inactivation profiles of f2 and poliovirus III were similar 
with f2 being consistently more resistant to free chlorine, combined 
chlorine and iodine from pH 4 to 10. The authors concluded that f2 would 
be a suitable model for enterovirus inactivation.
Ozone
In pure aqueous conditions Kessel et al., (1943) found ozone a more potent 
virucide than chlorine. Perlman (1969) claimed that ozone was ineffective 
at residual concentrations below 0.7 mg/l, and that above this concentration 
99.9% poliovirus was inactivated in 3 minutes. It has been pointed out 
(Majumdar et al., 1973) that Perlman et al., (1969) may not have controlled 
ozone concentrations effectively. With their own constant delivery 
apparatus Majumdar et al., (1973) recorded a linear increase in the rate 
of virus inactivation at ozone concentrations over the range 0.1 mg/l 
to 1 mg/l, after which there was a rapid increase in rate. The authors 
proposed that this indicated two mechanisms of inactivation occurring in 
the higher and lower concentration ranges.
Katmelson et al.,(1979)noted a biphasic pattern in the inactivation 
kinetics of poliovirus I with ozone, where an initial rapid loss of 
infectivity In less than eight seconds was followed by a slower rate of 
decay. Subsequent..addition of fresh virus showed the same pattern of 
behaviour, which implied that the ’lag’ effect was not due to ozone 
depletion. The authors also observed a.threshold effect, but at the 
much lower concentration of 0.2 mg/l, below which little inactivation 
was achieved. After.ultrasonication poliovi.rus became more sensitive to 
ozone, but still more resistant than E. coli and bacteriophage T2.
A 99.99% decrease in titre of vesicular stomatitis'virus and eflceph- 
alomyocarditis virus was achieved with ozone concentrations of 
approximately 1.7 mg/l in phosphate buffered saline (Burleson et al.,
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1975). Sonication applied with ozone increased the bacteriocidal effect, 
but the authors did not study virus inactivation under these conditions.
Chlorine dioxide
When the virucidal efficiency of disinfectants was reviewed by Kabler 
et al., (1961) the authors reported that although chlorine dioxide may 
prove to be a useful disinfectant, little was:.-known about its comparative 
efficiency in water against chlorine, and the effects of pH and 
temperature. The situation has changed little since that report.
If chlorine dioxide is generated by the action of aqueous chlorine
on sodium-chlorite, then free chlorine and chlorine dioxide are
always present together and the early studies failed to distinguish 
between them. Recent bacteriological studies (Warren and Ridgeway 19/6)
have shown that chlorine dioxide is approximately as effective as
chlorine on a weight for weight basis and pH 7, but more effective at
higher pH. Chlorine dioxide was also effective in solutions which
exert a chlorine demand such as ammonia, urine and urea (Warren and
Ridgeway 1978). Unfortunately these studies did not examine the
virucidal effects of chlorine dioxide.
Chlorine dioxide residuals have been reported to be stable in water 
distribution systems, unlike free chlorine and ozone (Clarke, unpublished, 
cited Malpas 1973). Poliovirus I and Coxsackievirus A9 were found 
more resistant to chlorine dioxide than E. coli, and the virucidal 
activity of chlorine dioxide was greatest at pH 9, less at pH 7 and 
least at pH 5 (Cronier et al., 1977).
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Viruses are a heterogenous group of biological entities characterised by 
their lack of an energy producing metabolism, absence of functional 
ribosomes, predominance of only one type of nucleic acid and dependence 
on host cell metabolism for reproduction (Luria et al., 1978).
The common feature in the structure of all viruses is the capsid, which 
consists of protein subunits enclosing the nucleic acid. In addition some 
viruses are enclosed by an additional lipoprotein membrane. The capsid 
morphology Is either helical, icasohedral (spheroidal) or complex,
(Fenner et al., 1974). The nucleic acid of viruses is either RNA or 
DNA which may be single stranded or double stranded.
The groups of viruses which may be found in faecal contaminated water 
are adenoviruses, reoviruses, rotoviruses, enteroviruses, hepatitis A, 
''small round viruses’ and bacteriophages. These viruses do not have a 
lipid envelope and are likely to be more stable outside host organisms 
than enveloped viruses.
The present study concentrated on the behaviour of an enterovirus, 
poliovirus, and a small bacteriophage, f2, when treated with disinfectants. 
Both viruses have been well characterised (Rueckert, 1976; Boedkter and 
Gestland, 1975).
Structure of Enteroviruses
Enteroviruses are members of the family Picornaviridae which also 
includes rhinoviruses and a number of animal viruses (Rueckert, 1976). 
Virions have a diameter of 2Q-3Dtwn and contain equimolar amounts of 4 
structural polypeptides (Vpl - Vp4) arranged in an icosahedron. The 
infectious virions carry only one antigenic determinant (Mandel 1978).
In addition to the 4 structural proteins there exists a protein 
covalently linked to the 5' terminus of the virion RNA (Flannegan et al.,
1977). Enteroviruses are stable over the pH range 3 - 11.5 (Rueckert
1976) and have a density in calcium chloride solution of 1.34 gm/ml.
MECHANISM OF VIRUS D IS IN FE C TIO N
S t r u c t u r e  o f  V i r u s e s
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Characteristically a lighter 'top component' is also present in wild 
isolates, consisting of immature virons composed of 3 structural 
polypeptides. One of these is VPO, a precursor of two of the mature 
virion polypeptides, and the other two are virion polypeptides VPl 
and VP3. These particles, and an artificially induced ’top component’ 
produced by heating, have a density of 1.30 gm/ml in caesium chloride and 
do not contain RNA. In addition a dense component of poliovirus 
(Wiegers et al., 1977) and several vertebrate enteroviruses (Rowlands 
et al., 1975) has been detected. The particles contain RNA and are 
infective and it is thought that they may . represent an alternative 
configuration for enteroviruses.
The intact virus, of density 1.34 gm/ml has an antigenicity which has 
been defined as ’D’ (Le Bouvier 1959) or ’N ’ (Katigiri et al., 1968). 
Heating and certain other forms of treatment changed the antigenicity to 
'C’ ’ or 'H'. Concommitant with the antigenic change was a loss of 
ability to adsorb to host cells, release of VP4 and in some cases loss 
of RNA. (Breindl, 1971 a, 1971 b, Breindl' and Koch 1972, Katigiri 
et al., 1968, Dnmmeck and Harris 1967), Breindl (1971 a, 1971 b) 
has attributed the loss of infectivity to the loss of VP4, which he 
proposed was responsible for virion adsorption and also enhanced the 
penetration of RNA (Breindl and Koch 1972). An alternative hypothesis 
has been advanced by Mandel (1971) who proposed that a conformational 
shift occurred, affecting adsorption capacity and antigenicity.
The release of VP4 was seen as incidental. There is evidence to support 
the existence of 'conformers' from isoelectric focusing studies of 
whole virions which reveal two isoelectric points for poliovirus 
(Mandel 1971) and human rhinovirus type 2 (Korant et al., 1975).
These two particles appear to be in equilibrium with each other, but 
on inactivation or treatment with antiserum (Mandel 1976) the virus
was stabilised in one conformation and became non infectious.
*
The reason for loss of infectivity has been attributed to loss of 
ability to adsorb to. host cells (Rueckert 1976) but Mandel (1976) 
has shown that poliovirions neutralised by antibody did adsorb to 
cells, but were not able to uncoat and release their RNA and also 
that virions which had adsorbed to cells could still be neutralised 
by antiserum (Mandel 1978). Breindl and Koch (1972) showed that
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poliovirus capsids or VP4 alone could increase the susceptibility 
of host cells to RNA infection. Therefore VP4 may play a role in 
stabilising the uncoatable conformation of poliovirus, adsorption to 
the cellular receptors and enhancement of RNA penetration, but it 
seems unlikely that it represents an independent antigenic determinant 
as suggested by Breindl (1971). The configuration of the whole capsid 
may be involved in this (Rueckert 1976) but as yet there is no direct 
evidence.
Enteroviruses do not reveal any structural details with conventional 
negative staining techniques. It is only passible to determine the 
size of the particle and whether it has been penetrated by negative 
stain or not.
Particles which are penetrated by negative stain appear as hollow shells, 
although Dimmock and Harris (1967) have shown that apparently empty 
particles could be converted to apparently full particles by heating 
at 37QC. The ability of negative stain to penetrate the capsid is 
probably determined by the arrangement of the capsomeres rather than 
the RNA content.
Some structural information has been deduced from dissociation products 
of picornavirions (Philipson et al., 1973) and their antigenicity 
(Rowlands et al., 1975) but the precise arrangement of the subunits, 
in particular the location of VP4, is still undefined (Beneke et al., 
T977). Although picornaviruses are amongst the simplest and best 
characterised animal viruses, there is still a great deal to learn 
about their structure and reproduction.
Structure of RNA Bacteriophage
RNA phage are a unique class of bacteriophage which have only been 
shown to infect bacteria which possess F-type or R-type pili. There 
are 5 recognised sero types, but only group..I and group III have been 
investigated extensively. Group I includesQB and VK (Weissmann 1974;
CUVft dV-uoO+i [i\dv^ diA MS fe frd'JL v f t(Nishihama and Watanabe 1968). These viruses have been called typical 
picornaviruses (Fraenkle-Conrat and Wagner 1974) although the term 
picornavirus is commonly understood to include only animal viruses 
(Rueckert 1976) or only rhinoviruses, enteroviruses and structurally
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related viruses (Andrewes, Pereira and Wildy 1978). The diameter of 
f2 is 23-25 mm, which is similar to that of enteroviruses, however in 
many other respects f2 and enteroviruses are quite distinct (Table 1),
Table 1. Comparison of f2 and poliovirus
(Table compiled from: Fraenkle-Conrat and Wagner, 1974; Fenner et al., 
1974; Nishihama and Watanabe 1968).
Although f2 contains 2 structural proteins, the coat protein and the 
A protein, there is only one copy of the A protein present in each 
virion compared with 180 molecules of the coat protein. The A protein 
is required for successful adsorption (Paranchynch 1975). Apparently 
only 5 - 10% of a phage population is infectious. Defects can be of 
two kinds; the lack of A protein (and ability to adsorb) and the 
failure to release RNA after adsorption. Particles which lack A 
protein are usually sensitive to RNase attack, although a certain 
proportion may be resistant, possibly due to an altered conformation 
(Paranchynch 1975).
The structural features of RNA bacteriophage are highly conserved; 
all phages isolated in the USA and Europe belong to serological group I 
and show only slight immunological differences and few amino acid 
substitutions in the coat proteins (Weissmann 1974). This is quite 
different to the situation with enteroviruses, of which over 70 
serotypes are now recognised (Andrews et al., 1978).
Chemistry of Disinfection
f 2 poliovirus
Composition of nucleic acid 
Molecular weight of RNA 
Number of structural proteins 
Density in caesium chloride 
Sedimentation coefficient
m RNA
1.1 x 10B daltons 
2
1.46 gm/ml 
80
m RNA
62.6 x 10 daltons 
4
1.34 gm/ml 
158 S
In order to inactivate viruses a disinfectant must have the ability to 
either dissociate protein, denature protein or react with nucleic acid 
in order to inactivate non enveloped viruses. If the disinfectant
- 2  A -
Virus inactivating agents have been divided into three categories: 
physical, such as irradiation; physio-chemical, such as pH, and chemical, 
such as the halogens (Gard and Maaloe 1959). The distinction between 
these categories is by no means clear cut, especially in situations 
such as water treatment where a number of mechanisms may be operating 
synergistically or antagonistically. For example whilst it has been 
assumed that gamma rays inactivate viruses simply by ionisation effects 
on the nucleic acid (Gard and Maaloe 1959) it is clear that free 
radicles produced in the medium by irradiation also inactivate the 
virus on the one hand and protect it from some of the radiation cn the 
other. Thus it has been shown that heat and irradiation, applied 
simultaneously, operated synergistically to inactivate more poliovirus 
than was predicted from the effect of each treatment alone (Dugan and 
Trujillo 1975).
The choice of disinfection methods available for water treatment is 
limited by the volume of water being treated and the high level of 
chemical purity required of the finished product. For these reasons 
the disinfectant must be effective in very low doses and decompose 
into harmless products. These prerequisites exclude detergents, phenol, 
formaldehyde, permanganate, pH extremes and alkylating agents.
Currently radiation treatment would seem prohibitively expensive 
although some studies suggest that ultraviolet light could be considered, 
provided the turbidity of the water was low (Johansen and Myhrsted
1978) but the major emphasis in water disinfection has been on the 
chemical disinfectants; ozone, chlorine dioxide and the halogens, 
especially chlorine.
An ideal disinfectant for potable water would have the following 
qualities:
r e a c t s  w i t h  t h e  n u c l e i c  a c i d ,  i t  m u s t  be a b l e  t c  p e n e t r a t e  t h e  c a p s i d .
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Storage.  ............. .
Potency........ .
Titration. .........
Interference by ammonia and
organic contaminants
Residual. .....
Biproducts....... ...........
Chlorine
C o s t ........................ ................................. Low
Low bulk, high stability 
High
Simple, reliable 
Negligible
Stable for distribution 
Short. lived, non toxic
Chlorine is probably still the most cost effective means of treating 
water, provided that the water is already of good quality. Storage 
as a liquid under pressure is quite convenient and chlorine injection 
systems are well tried.
In aqueous solution chlorine hydrolyses rapidly and completely to 
produce hypochloraus acid.
H20 + Cl ^  H0C1 + H+ + Cl"
There is no detectable molecular chlorine above pH 3 at low concentrations, 
but the hypochlorous acid can dissociate to produce the hypochlorite ion.
+ - H0C1 ^ H  + 0C1
At pH 7.5, 10°C the concentrations of the two forms are approximately 
equimolar. These two species are referred to by the water engineers 
as 'free chlorine' and their concentration is commonly expressed as 
mg/l chlorine gas (Palin 1974 a, 1974 b).
Available chlorine is defined as the amount of a compound that is needed 
to liberate 3.6 grams of iodine from potassium iodide (the amount 
released by 1 gram of-chlorine gas). Free available chlorine is thus the 
amount of H0C1 and 0C1 in solution expressed in terms of Cl^-
If the water contains reducing compounds it exerts what is known as a 
chlorine demand, which means that the residual chlorine concentration in 
solution will be less than the chlorine influent.
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Free residual chlorine = total chlorine - chlorine demand.
Ammonia is a major source of chlcrine demand, being oxidised to 
monochloramine, dichloramine, and nitrogen trichloride. The concentration 
of each product varies with pH, but in general monochloramine predominates 
at lower chlorine doses and nitrogen trichloride at higher doses.
Continued oxidation by chlorine eventually produces nitrogen gas and a 
free chlorine residual may then be established. This is known as 
breakpoint chlorination (Fair et al., 1948).
n h3 + C12 NH2C1 HC1 monochloramine
NH2C1 -+ C12 “* NHC12 + HC1 dichloramine
NHC12 + C f e - I\1C13 + HC1 trichloramine (nitrogen trichloride)
2NH3 + 6C12^ N2 -+ SHCI breakpoint chlorination
Chlorine is also used in reaction with amino acids and proteins to produce 
combined organo chloramines and with inorganic chemicals such as hydrogen 
sulphide, cyanide and ferrous ions.
Chlorine Compounds as . Disinfectants
Early studies (Butterfield et al., 1943) unequivocally demonstrated that 
free chlorine was vastly superior to chloramines as a disinfectant. In 
addition, free and combined chlorine were found to be most effective at 
lower pH. These conclusions were based on bacteriological studies, but 
virological evidence later supported these findings (Weidenkopf 1958;
Kelly and Sanderson 1958).
The virucidal efficiency of H0C1 has been reported to be 200 times greater 
than 0C1 (Chang, cited Peduska and Hershey 1972). Monochloramine has been 
reported to be even less effective against viruses than bacteria (Shah 
and Macarr>i.sh 1972)
Organic impurities in water riot only reduce the concentration of active 
disinfectant but can also produce toxic bi-products. Many of these
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compounds are cummulative and highly stable (McClanahan,1972; Rook, 1974; 
Rosenblatt, 1975).
Mechanism of Chlorine Inactivation of Viruses
Chlorine in solution is known to react with proteins, by substitution into
free amino groups, addition into tyrosine and possibily with sulphydral
groups and also with nucleotides and nucleic acids (Dennis et al., 1979
a,b). Studies on poliovirus inactivated by free chlorine and monochlor-
amine CTenno et al., 1977) have led to the suggestion that initially
infectivity was lost due to a minor change in the virus coat protein.
Later VP4 was lost and finally, after more than 30 minutes exposure to
2mg/ml free chlorine the capsid was degraded extensively. In spite of
these changes the RNA extracted from the virions showed no change in
infectivity. These results are in sharp contrast to those obtained by
another group (Olivieri et al., 1975; Dennis et al., 1979 a, b), who
showed that free nucleic acids, both DNA and RNA, rapidly lose infectivity
or ability to transform bacteria in chlorine solutions over a wide
range of pH. The hypochlorite ion was just as effective as hypochlorous
acid. With intact virions, however, the rate of loss of infectivity
of extracted nucleic acid was shown to parallel the rate of virus
36inactivation. Radioactive chlorine was found to be incorporated 
into the f2 RNA at the same rate as f2 inactivation. It was concluded 
that chlorine inactivated f2 by an effect on the nucleic acid but that 
the virion protein was less permeable to chlorine at high pH. However, 
it is not yet.possible to exclude an initial reaction with the protein 
resulting in inactivation.
Residual in the Distribution System
Chlorinated water is usually distributed containing a low level of 
monachloramine which helps to reduce, but does not eliminate, bacterial 
contamination of the distrubution system.
Chlorine Dioxide
Chlorine dioxide is usually generated in situ,using chlorine gas which 
is bubbled through sodium chlorite solution. Such mixtures will contain 
both free chlorine and chlorine dioxide. The initial cost must therefore
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be higher than chlorine, but there would be no need to modify injection 
equipment extensively. A technique for producing pure chlorine dioxide 
from chlorine has been developed (American Water Works Assoication 
Committee, 1979).
The aqueous chemistry of chlorine dioxide is less well characterised 
than chlorine. Palin (1948) stated that partial hydrolysis occurs
2C1 o2 + h2o h c i o2 + h c i o3
In the presence of chlorine or hypochlorous acid lialpas (1973) suggested 
that chlorate may be formed
H0C1 + C10„ HC1 + C10_2 3
It is unclear what amounts of each of these compounds are produced or 
how their distribution is affected by pH.
Chlorine dioxide does not react with ammonia and does not produce 
chloroform. It rapidly destroys phenolic compounds including chlorphenols 
(Palin 1948; American Water Works Association Disinfection Committee 1978). 
These features could be advantageous when dealing with contaminated water.
Early reports suggested that the bacteriocidal properties were inferior 
to chlorine, but this may have been due to the failure to distinguish 
between chlorine dioxide and the chlorite ion (Palin' 1948). In a recent 
study of swimming pool disinfection (Warren and Ridgeway 1978) chlorine 
dioxide was found to be about as efficient as chlorine and bromine. 
Disinfection was not impaired by the presence of ammonia and certain 
other organic contaminants.
The first virucidal studies of chlorine.dioxide did not distinguish 
between chlorine and chlorine dioxide (Kabler et al., 1961) therefore 
they were difficult to interpret. Recent studies (Cronier et al., 1972; 
Brigano et al., 1978) that poliovirus was inactivated faster at
higher pH and that poliovirus and Coxsackie A9 were more resistant to 
chlorine dioxide than E. coli.
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The mechanism of disinfection by chlorine dioxide has not been 
investigated.
Chlorine dioxide has been reported to produce a stable residual which 
could be used to maintain water quality in disinfection (Malpas 1973).
Bromine and Bromine Chloride
Bromine is a liquid at room temperature and bromine chloride is a heavy 
vapour which condenses at 5°C. The aqueous chemistry of bromine and 
bromine chloride is very similar.
Bfe + IfeO HOBr + HBr
BrCl + IfeO-* HOBr + HC1
Bromine chloride has been described as a convenient way to handle bromine, 
because it can be volatilised from a liquid under pressure and it is more 
soluble than bromine (A.W.W.A. Committee report 1978, Mills 1975).
Like chlorine, bromine products dissociate in solution:
HOBr H* + OBr~
The distribution of the two forms of aqueous bromine is pH dependant, 
but because of the lower ionisation potential of HOBr compared with 
H0C1 there is proportionally more HOBr at pH7 to pH9 than H0C1. As 
the hypohalous acid is considered to be more effective than the negative 
ion this is an advantage.
Bromine solutions also react with ammonia to produce mono,di- and 
tribromamines. Unlike chloramine, these solutions appear to have a 
bacteriocidal effect comparable to the free halogen. They are also 
relatively short lived (Mills 1975).
Bromine also reacts with other organic compounds in oxidation and 
substitution reactions. Some organic bromine compounds have an 
extremely offensive taste (A.W.W.A. Committee report 1978) but they have
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been reported to be relatively unstable and easily degraded photochemically 
and biologically (Mills 1975).
Bacteriological studies indicate that free bromine is about as effective 
as free chlorine (Warren and Ridgeway 1978) but viruses have been 
reported to be more resistant than E. coli (Kruse cited Taylor and 
Johnson 1974). In solution molecular bromine was the most powerful 
disinfectant, followed by hypobromous acid, and then the hypobromite ion.
In a series of very detailed studies it has been shown that the logarithm 
of the surviving fractions of 'phage 0 x 174 (Taylor and Johnson 1974) 
and poliovirus (Floyd, Sharp and Johnson 1978; Floyd, Johnson and 
Sharp 1976) were approximately linear with time and very rapid with 
molecular bromine if hypobromous acid or nitrogen tribromide was the 
active form, however hypobromite ion and dibromamine gave non linear 
Kinetics with poliovirus, but were still powerful disinfectants, with 
rates that compared favourably with chlorine at similar concentrations 
(Floyd, Sharp and Johnson 1978). Although the different Kinetics of 
inactivation could be due to different mechanisms of inactivation, it • 
should be noticed that the ionic concentrations and pH used to 
stabilise a particular molecular species were not identical and could 
have influenced virion structure and stability.
Keswick et al., (1978) confirmed that bromine solutions were very 
effective against poliovirus.. This group used bromine chloride and 
found it to be mere effective than chlorine, especially in the presence 
of ammonia, glycine and sewage effluent. However the presence 
contaminants such as glycine and organic effluent did impair the 
efficiency of bromine chloride.
The mechanism of bromine disinfection is unclear. Olivifcri et al., (1975) 
reported that bromine solution at pH 7.5 reacted with both the protein 
and the RNA of f2 but they considered that the primary site of inactivation
was the protein because RNA■infectivity did .not decline as rapidly as 
virus infectivity.
One disadvantage of bromine disinfection for potable supply is the 
instability of the residual, even the bromamines, which may not persist 
to maintain a bacteriocidal effect in the distribution system.
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Iodine
Iodine is the least reactive of the three halogen disinfectants and also 
the least soluble. The difficulty of readily producing a dosing device for 
iodine would mean that unless it could be shown to have strong advantages 
over other disinfectants it would be an unlikely choice.
Perhaps the chief advantage of iodine is that it is readily transportable 
by small groups and it has found favour as a means of treating army camp 
water supplies (Chang and Morris 1953).
In solution iodine exists as either molecular iodine or Vuyoi.odous acid
H20 + I2 -> HOI + HI
The two species are present in approximately equimolar amounts at pH 7.5 
unless substantial amounts of the iodide ion are present, in which case the 
proportion of molecular iodine is increased (Taylor and Johnson 1974). 
Hypoiodous acid is the mere potent virucide (Kabler et al., 1961) therefore 
iodine disinfection is better at higher pH. (Chang and Morris 1953; Cramer 
et al., 1976). The hydrated ionic cation is also an active species (Hsu 
et al., 1966).
i2 + h 2o h > h2o i+ + I"
Molecular iodine and the iodide ion can combine to form the triiodide ion 
which is inactive (Hsu et al., 1966)
Iodine does not react with ammonia and the disinfectant potential is 
unaffected by urea at concentrations up to 5 mg/l. Organic colour reduced 
the potency of iodine, due to an iodine demand (Chang and Morris 1953).
Chang and Morris (1953) demonstrated that aqueous iodine was effective 
against amoebic cysts, viruses and a range of bacteria. The bacteriocidal 
properties of iodine were confirmed by Hsu et al., (1966) who proposed 
that iodine inactivated bacteria by oxidation of free sulphydral groups
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required for the activity of membrane bound enzymes. The bacteriocidal 
effect was not impaired by high concentrations of the iodide ion and not 
reversible by reducing agents.
The virucidal effect was different, being inhibited by both low pH and
- 3iodide ion concentrations greater than 10 M. Hsu et al., (1966) recorded
reaction kinetics compatible with a simple first order process when
poliovirus was treated with iodine at 0.06 mM in the presence of iedide
- 3concentrations less than 10 M. Berg et al., (1964) studied several 
entere-viruses and found that in most cases there was an initial lag in 
the inactivation process followed by linear decay. They attributed the 
initial lag to virion clumping. Cramer et al., (1976) using iodine to 
disinfect virus in sewage effluent found that poliovirus and f2 had 
approximately the same resistance at pH 10 and 6 but that f2 was more 
resistant at pH 4. Neither virus was inactivated as effectively at 
lower pH.
The mechanism of the virucidal effect of iodine does not appear to be due 
to the reaction with sulphydral groups, because virus inactivation is 
inhibited by the iodide ion, which does not affect the oxidation of 
sulphydral groups but does inhibit the iodination of tyrosine (Olivieri 
et al., 1975). Berg et al. (1964) remarked that iodine could inactivated 
virus by an effect on either the protein or the nucleic acid but then 
Hsu et al., (1966) demonstrated that virus RNA extracted from poliovirus 
and f2 which had been inactivated by iodine was still infectious. Later 
Olivieri et al., (1975) reported that RNA extracted from f2 was resistant 
to iodine concentrations that would inactivate f2. It seems likely that 
iodine inactivates viruses by an effect on the tyrosine residues of the 
coat protein of viruses. This has not yet been tested by following the 
incorporation of radioactive iodine into virus proteins.
Iodine will probably never be accepted for widespread use, especially on 
a large scale because of its cost. Although it will produce a stable 
residual for distribution it is a poor algicide and can itself produce 
colour in finished water (A.W.W.A. Committee, 1978).
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Ozone is an extremely reactive chemical which has a low solubility and 
cannot be stored. It has to be generated in situ by the effect of 
electric arcing on oxygen and then bubbled into solution using a diffusor.
In solution ozone can produce a number of reaction products: 0-, OH, H0o,
0 and 03 . The free oxygen atom may also be present (Peleg 1976). In 
addition hydrogen peroxide may also be formed, but its relatively low 
germicidal efficiency would not account for the effects of ozone solutions. 
Chemical reactions of ozone with organic carbon in effluents and phenol 
has been reported to be similar to the reactions of the hydroxyl radical 
(OH). Sulphur containing amino acids such as cysteine are also readily 
oxidised by ozone and the hydroxyl radical. Hoigne and Bader (1975) have 
suggested that the hydroxyl radical is responsible for inactivation in 
both ozone disinfection and in disinfection by ionising radiation. The 
oxide radicle 0 is also reactive, l>ut less reactive with aromatic 
compounds. Little is known about the reactivity of the ozonide (0^ ) 
radical and the hydroperoxyl radical, although it seems that they
are less reactive than ozone, unlike the other dissociation products (Peleg
1976).
□zone eliminates low molecular weight organic compounds including phenol 
and chloroform. Some detergents are also destroyed (A.W.W.A. Committee,
1978). Early studies by Kessel et al., (1943) indicated that ozone was 
a highly effective disinfectant, with bacteriocidal and virucidal capacities 
probably superior to chlorine. These studies were batch experiments and 
the residue was not measured after innoculqtion.
The all or none effect of ozone has been reported in both batch and 
continuous flow studies by Majumdar et al., (1973). Concentrations of 
ozone residual below 1 mg/l were found to be ineffective at rapid 
inactivation of poliovirus. Above this threshold value a rapid reaction 
took place. These studies were carried out in effluent and it seems 
likely that ozone demand played a large part in this effect. It has not 
been substantiated by results in ozone demand free situations (Katzenelson 
et al., 1979; Evison 1978).
Ozone
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The lack of an obvious dose response relationship observed in. previous 
experiments was attributed to the time taken for the first sample, but 
using a fast flow mixer a dose response relationship was apparent.
Further it was demonstrated that pH had little effect on the reaction 
between pH 3 - 10. The initial first order reaction lasted for 
approximately 1 - 1 0  seconds, followed by a slower phase. The authors 
attributed this to clumping of the virions but other factors cannot be 
excluded, especially since the degree of clumping would have to vary with 
the concentration of disinfectant to account for their results. However, 
under low demand conditions ozone concentrations acted on viruses much 
faster than free chlorine of equivalent concentrations. Inactivation is 
further enhanced if sonication is simultaneously applied, which may 
reduce the average bubble size and enhance ozone transport into the liquid 
(Burleson et al 1975).
The mechanism cf ozone inactivation is unknown. Bacteria have many 
susceptible targets, including all membranes and membrane bound enzymes. 
Poynter et al., (1973) suggested that ozone may react with the tyrosine 
residues in virus protein coats. The survival of infectious RNA after 
ozone disinfection has not been examined.
□zone treated water does not carry a stable residual for distribution.
Such a residual could only provided by adding another type of disinfectant 
to the treated water.
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Disinfectant assay is crucial in monitoring water treatment. There are 
two basic methods of titration; chemical titrations using an indicator 
and those based on electrode potentials in disinfectant solutions.
From the point of view of accuracy and reproducibility the chemical 
titration methods are capable of greater refinement, however, it is 
desirable to have an electro-chemical method for the automatic control 
of dosing equipment.
The chlorine residual cell used by the Thames Water Authority is a modified 
redox electrode, using a platinum and copper electrode immersed in a cell 
through which the water passes. The electrodes are connected to an ammeter 
which measure the current flow induced by the disinfectant. In the 
measurement of chlorine the manufacturers (Wallace and Tierman Ltd.) 
recommend that optimal current flow is obtained at low pH and they advocate 
the use of a buffer to reduce the pH of the water to 4.5„Cooke (1971) 
pointed out that this would give an inaccurate reading in ammonia containing 
water because chloramines would react to produce free chlorine at this pH. 
Since the disinfecting potential of chloramine is much less than free 
chlorine he suggested that readings be taken at ambient pH. The response 
would then be related to the true oxidising potential in the water and 
comparable to the response obtained with a redox cell.
There are other reports which advocate the use of oxidation reduction 
potential measurements for measuring disinfection power. Victorin (1974) 
reported that redox potentials corresponded with bacteriocidal qualities of 
swimming pool waters better than free chlorine residuals. Lund (1963) 
regarded virus inactivation by chlorine and chloramines as an oxidative 
process and claimed that the effect of pH and the composition of the 
medium would affect inactivation through their influence on the oxidation 
potential. There is no theoretical support for the contention that redox 
potentials can be related to disinfection kinetics in any reliable way 
(Rosenblatt 1975). Some workers have expressed doubts that virus 
inactivation by chlorine is an oxidative process, and suggest substitution 
into cyclic compounds is more plausible (Hsu et al., 1966; Olivieri et al., 
1975; Dennis et al., 1979, b). In spite of the theoretical weakness in
TITRATION OF DISINFECTANTS
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in the correlation of redox potential and disinfection rates, Poynter
(1968) has suggested that there may be some useful relationship in practice.
Recently Johnson et al., (19?8) reported on the development of an electrode 
with a specific response proportional te the hypochlorous acid concentration. 
The limitations of this device will be determined by its true selectivity 
(initial reports show that nitrogen trichloride interferes strongly) and 
the durability of the semipermeable membrane that covers the probe. There 
is also a lag in the response of the electrode to environmental changes 
which could be a disadvantage.
The amperometric titration method described by Marks et al., (1951) is 
really a chemical titration method, since the only function of the ammeter 
is to record the presence or absence of disinfectant. Quantitation is 
achieved by titration with sodium arsenite or phenylarsenoxide. This and 
other methods for determining chlorine residual were reviewed by 
Nicolson (1965) who evaluated them on the basis of accuracy, interference 
and sensitivity. Ths most accurate colourimetric method in the presence 
of mcnochloramine was the N~ diethyl-p-phenylenediamine method (DPD 
method). This method was also the most accurate titrimetric procedure 
when ferrous ammonium sulphate was used as a back titrant, although 
temperature control was required. The readings had to be taken after about 
90 seconds. Longer times caused further colour development not due to 
residual chlorine.
The DPD method has been refined and developed over the years and it has 
been used to determine the concentrations of free chlorine, chloramine, 
chlorine dioxide, iodine, bromine and ozone (Pslin 1974 c). An american 
report recommended that water laboratories use the DPD method in view 
of the success with which it had been applied in the British Isles 
((A.W.W.A. Committee Report 1978).
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VIRUS REMOVAL BY WATER TREATMENT PROCESSES OTHER THAN D IS IN FE C TIO N
Viruses in the water system may be exposed to several stages of water 
treatment, depending on the quality of the raw water supply. These can 
be summarised as follows: percolation through soil and rock; storage 
flocculation; filtration; lime treatment and adsorption.
Percolation
Water abstracted from artesian wells is usually of the highest quality and 
often not subject to any pretreatment prior to chlorination, however 
it is possible that viruses could gain access to well water by diffusion 
through rock and soil. Available evidence indicates that viruses are 
rapidly removed under these conditions (Gilbert et al., 1976) but on the 
other hand it has been claimed that an epidemic of infectious hepatitis 
was due to the contamination of a well by a cess pool, 75 yards away 
(Neefe et al., 1945). In their review of the case of waterborne infectious 
hepatitis, Taylor et al., (1966) found that well or spring water was the 
suspected source of infection in 21 out of 48 cases. The adsorption of 
viruses to solids is a reversible process, depending on pH, ionic 
strength and organic control of the surrounding medium .(Akin et al.,
1971) therefore it is likely that virus removal varies widely in 
different conditions.
Storage
Virus infectivity decreases on storage, even in distilled water or buffer 
(Akin et al., 1971). The mechanism by which this occurs is unclear, 
although Dimmock (1967) has suggested hydrolysis of viral RNA in the 
case of picornavirus. In surface water a variety of mechanisms may 
operate, including ultraviolet light inactivation, microbial predators, 
adsorption to particulate matter and oxidative inactivation (Poynter 
1968; Lo et al., 1976). All reports agree that viruses are more stable 
at lower temperatures;, surviving for months in many cases (Akin et al., 
1971). Although viruses cannot replicate in the environment they are 
apparently more stable than E. coli (Kool, 1978). Poynter (1968) found 
that poliovirus 3 was detectable for up to 9 weeks at 5-6°C, although 
at higher temperatures the rate of inactivation increased. Filtration or 
autoclaving of natural waters has been reported to reduce its virucidal
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effect (O’Brian and Newman 1977; Poynter 1968) although Akin et al.,
(1976) found that filtration or autoclaving did not greatly affect the 
stability of poliovirus in marine waters. Viruses survive longest in 
clean or treated water, but they also survive well in grossly polluted 
water, and less well in moderately polluted water (Clarke and Chang 1959). 
Adsorption to solids suspended in water increased the survival time of 
bacteriophage 17 (Bitten and Mitchell 1974).
Flocculation
Chang et al., (1958) evaluated aluminium sulphate and ferric chloride for 
their capacity to remove viruses from suspension. They concluded that the 
removal efficiency was slightly higher for a bacteriophage of Micrococus 
p/rogenes than for Coxsackie A2. Removal efficiencies of greater than 85% 
were recorded for both viruses using either coagulant. Viruses bound to 
alum floes were recoverable by increasing the pH, but the floes formed 
from ferric chloride could not be induced to release virus by similar 
treatment. Shelton and Drewry (1973 cited Sproul 1976) found aLuminium 
sulphate to be a better coagulant than ferric chloride or ferric sulphate 
for f2 removal. Although Clarke and Chang' (1959) express the view that 
virus removal by floes should be non specific, and that data obtained 
for one animal virus should be applicable to others, Farrah et al., (1978) 
have shown that the simian rotavirus SA11 is not adsorbed.to aluminium 
hydroxide floes to the same extent as poliovirus I. On the other hand 
Guy et al., (1977) found that poliovirus I and bacteriophage T4 were 
removed to approximately the same extent by flocculation using ferric . . 
sulphate. Cationic, nonionic and anionic synthetic polyelectrolytes 
have been used to remove bacteriophage f2 (Berg 1975), but the removal 
rates were variable, and were not found to enhance 'phage removal by alum 
The removal of poliovirus by alum floes was enhanced by the presence of 
suspended clay particles (Berg 1973).
Although coagulation can bring about large reductions of viruses in water 
(Berg 1971) those viruses may not necessarily be inactivated and the 
disposal of sediments could be a cause for concern (Berg 1973).
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Although viruses are not adsorbed to clean sand, filtration can remove 
viruses associated.with floe. Robeck et al., (1962) found that sand 
filtration after alum floculation removed more than 98% of the initial 
dose of poliovirus I. Without the floculation, removal of viruses was 
unreliable.
Slow sand filters have been developed in the United Kingdom and have been 
found of great value in clarifying eutrophic river water. Their efficiency 
depends on climatic conditions, and they may fail in very cold weather.
The major clarifying and purifying effect is thought to be achieved by the 
community of bacteria, algae, protozoa and metazoa which digest organic 
matter deposited from the inflowing water. This schmutzdecke is removed 
when the filters are cleaned. Poynter and Slade (19773 found that 
experimental slow sand filters removed poliovirus more effectively than 
they did E. coli . Bacteriophage T7 was removed so effectively that it 
would over estimate the efficiency of the filter. Cleaning was found to 
impair the process of virus removal in the same way as microbial removal.
It was concluded by the authors that the same mechanism was responsible 
for viral and microbial removal.
Guy et al., (1977) also noticed a reduction in virus removal by rapid 
filtration just after cleaning. They attributed this loss in efficiency 
to removal of flocculant which had escaped from the sedimentation tank and 
coated the sand particles. Even under optimal conditions rapid sand 
filtration was an ineffective means of removing viruses, and subject to 
interference by pH, metal ion concentrations and organic contamination 
(Berg 1973). Neefe et al., (1947) showed that diatomaceous earth filtration 
was ineffective in'removing the agent of hepatitis A.
Water Softening Treatment
Water softening is usually carried out using calcium oxide or calcium 
hydroxide. Excess lime treatment, where the pH is raised above 10.6 to 
remove magnesium hardness also has a disinfectant property. As such it has 
been used to treat river water by employing an excess of 10-15 mg/l as 
CaO with a contact time of 16 hours (Holden 1970). Wattis and Chambers
F i l t r a t i o n
- 40 -
(1943 cited Holden 1970) reported that coli-aerogenes organisms were 
suitable indicators for this type of disinfection, being more stable than 
Salmonella and other pathogens. Grabow et al., (1977) showed that the 
best disinfection was achieved with pH in excess of 11.2. At pH 9.6 
some bacteria could still grow. Reduction in enteric virus titres were 
greater than reduction of coliphages, enterococci and coliforms. The 
authors proposed the use of coliphage as indicators for the efficiency 
of this process. Berg et al., (1968) showed that lime treatment was 
very effective in the inactivation of poliovirus above pH 11.0.
Poliovirus may be more sensitive than other viruses to alkaline conditions, 
particularly in the presence of ammonia, because the genome of single 
stranded RNA may be a target for alkaline hydrolysis (Ward 1976). Sproul 
(1972) has suggested that the inactivation under high pH conditions may 
be due to denaturation of the protein coat and disruption of the virus.
Adsorption
Water treatment systems may incorporate an adsorption step using activated 
charcoal or coal. Oza and Chandhuri.(1975) found that 75% of bacteriophage 
T4 passed through bituminous coal filters could be removed at pH 8.0.
At lower pH the extent of adsorption was reduced, and the presence of 
organic matter also reduced virus adsorption. Clarke and Chang (1958) 
suggested that on the basis of evidence available at. that time, activated 
carbon was not an effective means of removing viruses from water. However, 
in the field microbial and protozoal contamination of carbon filters may 
improve the removal of viruses (Berg 1971). In support of this hypothesis 
Guy et al., (1977) found that cleaning the carbon filters reduced the 
amount of virus removed by them from 75% to between 53 and 21%. An 
increased organic load was able to displace virus from activated carbon 
columns, resulting in more virus appearing in the effluent than in the 
influent (Berg 1973).
Viruses can adsorb to activated sludge solids (Bailey et al., 1977) 
organic and inorganic , particles in river wate.r and to the floe in 
coagulation processes (Schaub and Sorber 1976; Schaub and Sagik 1975).
These viruses retain their infectivity and are in some cases more 
resistant to disinfection than unadsorbed viruses (Stagg et al., 1978, 1977).
METHODS
VERTEBRATE VIRUSES 
Cell Culture
The vertebrate viruses were grown and titrated in Vervet Monkey Kidney 
(Vero) cells supplied by Flow Laboratories.
Monolayers were grown in medical flats or plastic tissue culture bottles 
(Nunc Ltd.) incubated at 37°C in a 5% Ctfe atmosphere. After one week 
the cell cultures were reseeded at a 1 in 4 dilution. This was 
accomplished bypouring off the growth medium, rinsing with PBS A 
followed by trypsin/versene solution. After 5 minutes incubation in 
the presence of trypsin/versene the cells were removed by aspiration 
using a 10 ml pipette.
The cell suspension was then diluted in growth medium and reseeded into 
fresh bottles.
Growth of Viruses
Poliovirus I LSc 2ab was grown from a vaccine sample (Burroughs-Wellcome 
Ltd.). Coxsackie virus A5, A9, B3, and B5, echovirus 1, poliovirus I 
and poliovirus II were isolated from river water by'Dr. J. Slade and 
passaged twice in BGM cells before growth in vero cells. Human adenovirus 
5 was obtained from the Animal Virus Research Institute, Pirbright, 
and grown in vero cells.
All viruses were grown by innoculating confluent 3 day old monolayers 
of vero cells with 0.1 ml virus samples. The infected cultures were 
incubated until extensive cytopathic effects were visible, usually 3 . 
to 8 days. When marked degeneration of the monolayer was visible, the 
culture was subjected- to 3 cycles of freeze-thawing and then shaken with 
an equal volume of arctan (BDH).
The crude lysate obtained was allowed to separate from the flurocarbon 
(lower) phase and decanted. After clarification by centrifugation at
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Concentration of Viruses
Concentrated virus stocks were prepared by centrifugation of the lysate 
at 120,000 g for 90 minutes. The pellets were resuspended in 0.2 - 0.5 ml. 
0.05M phosphate buffer, pH 7.2 and stored at -30°C.
Rate Zonal and Isopycnic Banding of Poliovirus
Resuspended pellets were homogenised by sonication at 150 watts for 
30 seconds using an MSE ultrasonic probe. To control the temperature, 
the suspension was treated in an ice/water basin.
Rate zonal centrifugation was carried out in 15-50% w/w sucrose 
gradients in tris-EDTA buffer, prepared by layering the gradient manually 
and allowing 2 hours at 4°C for diffusion to produce a linear gradient.
The virus suspension (1-5 ml) was then layered on the top of the gradient 
and then centrifuged at 40,000 rpm in a Beckman L3 ultraeentrifuge 
fitted with a 40 SW swing out rotor. After three hours the rotor was 
switched off and allowed to decelerate with the brake on until 5,000 rpm 
when the brake was switched off.
When the rotor had stopped the tube was removed and the gradient was 
collected using an MSE gradient extractor with a fine guage needle 
inserted to the base of the tube.
The gradient was withdrawn and collected using an LKB peristaltic pump 
leading to a calibrated Pasteur pipette tip. The fractions were then 
titrated and the high titre samples were pooled and dialysed for 18 hours 
against 1,000 volumes of tris-EDTA with one change of buffer.
Isopycnic banding was carried out in caesium chloride solution at a 
concentration of 1.34 gm/ml. Virus and water was added to produce a 
final density of 1.32 gm/ml,.as determined by refractive index using 
an Abbe refractometer.
2 0 ,0 0 0  x g f o r  15 m i n u t e s  t h e  l y s a t e  was s t o r e d  a t  -  3 0 ° C .
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The solution was centrifuged at 40,000 rpm in a Beckman L3 centrifuge 
with an SW40 rotor for 18-22 hours. At the end of the run the brake 
was switched off at 5,000 rpm and the gradient was collected in the same 
way as the sucrose gradient.
Titration of Vertebrate Viruses
Poliovirus was titrated by plaque assay or quantal assay in microtitre. 
The other vertebrate viruses were titrated by quantal assay. Plaque 
assays were carried out using monolayers of vero cells. The monolayers 
were rinsed with PBS 'A' 0.5 ml samples of virus diluted in MEM were 
added and the battle rotated to allow an even exposure of the cells. 
After 15 minutes 5 ml of agar overlay containing MEM and neutral red was 
added to each bottle, taking care not to damage the cell sheet. When 
the agar had set the bottles were incubated at 37°C and plaques counted 
after 40, 72 and 96 hours. The titre of the virus stock was calculated 
as plaque forming units per ml.
Quantal assay of viruses by microtitre also used vero cells. Microtitre
trays (Nunc Ltd.) were seeded with 0.05 ml of a cell suspension 
5 6( 5 x 1 0  - 1 x 1 0  cells/ml) in growth medium in each well using a
calibrated dropper (Titretek Ltd.). Serial 10 fold dilutions of animal 
viruses in MEM were titrated in rows of 12. The plates were incubated 
at 37°C in a 5% CO^ atmosphere and examined for cytopathic effect daily 
until no increase in cytopathic effect was recorded. The virus titre 
was calculated as tissue culture infective dose 50% end point (TC ID 50) 
using the Spearman-Karber equation (See statistical methods).
131 Iodination of Poliovirus
10 12Poliovirus stock containing 10 - 10 pfu/ml purified by differential,
rate zonal and isopycnic centrifugation was made up with bovine serum 
albumin (BSA) fraction V (BDH Ltd.) to produce a solution containing 
1 mg/ml of protein as determined by the Waddell (1956) spectophotometric 
technique.
Virus samples (0.2 ml) were added to a mixture containing 50pCi carrier 
free 131 iodine as sodium iodide in 20yl of 1M phosphate buffer, pH 6.9 
and 20yl of 0.1M hydrochloric acid.
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Iodination was initiated by the addition of 25pl of a fresh 0.16 mg/l 
solution of chloramine T and stopped after 90 seconds by 25pl of 
0.5 mg/ml potassium metabisulphate.
Labelled material was then fractionated by velocity banding on sucrose 
density gradients (15 - 40% w/v) at 40,000 rpm for 3 hours and further 
separation carried out using caesium chloride isopycnic banding.
Absorption of Radioisotope to Cells
Radioactive samples of high infeetivity purified by isopycnic banding 
and controls using 131 iodine labelled BSA were tested for specific 
adsorption to vero cell monolayers as follows.
The monolayers in 2 oz medical flats were washed with PBS ’A ’ and the 
0.5 ml (approximately 5,000 counts per minute) of labelled virus or 
control diluted in MEM were added. After an adsorption period of 30 
minutes the innocula were removed by pipetting and the monolayers 
rinsed twice with 2.5 ml of PBS ’A ’ before treatment with trypsin/ 
versene solution. The cells were collected and gamma emissions over 
5 minute intervals were counted in the.innocula, eluent, cells and 
washings using an LKB gamma counter.
Infectivity Assay for Incomplete Particles and RNA
The assay was based on the method of Vahari and Pagano (1967). Samples 
were diluted in PBS/DMSO/DEAE dextran and 0.5 ml aliquots were innoculated 
onto washed vero monolayers. After 30 minutes adsorption time the 
innoculum was poured off and the monolayer was washed and overlaid 
with agar containing MEM and neutral red.
Plaques were counted after 2 and 3 days, incubation at 37°C.
B a c t e r i o p h a g e  G r o w th  an d  A s s a y
Escherichia coli K.12(A)HFr
E. ccli K12(X)Hfr was obtained as an agar slope culture from the Thames 
Water Authority Virology Laboratory. Fresh stocks were prepared by 
seeding tryptone soya broth (Oxoid Ltd.) with a sample from the agar 
slope and incubating for 6-18 hours at 37°C. Cultures prepared in this 
way could be stored at 4°C for up to 2 weeks.
Growth of Bacteriophage f2
Stocks of f2 were initially obtained from the Thames Water Authority 
Virology Laboratory and further cultures were then grown by innoculating
Q
a 250 ml culture of E. coli (10 viable cells/ml) in tryptone yeast
11extract broth with 5 x 10 plaque forming units of f2. After 3 hours 
incubation in a water bath with constant agitation of the flask, the 
culture began to clear, indicating that extensive lysis of the E. coli 
had taken place. The suspension was then shaken with 1 ml of chloroform 
and centrifuged at 20,000 x g for 15 minutes. The clear supernatant 
was then transferred to sterile medical flats and stored at 4GC over 
chloroform.
Titration of f2
Titration was carried out by the soft agar overlay method (Adams, 1959).
Agar base plates were prepared using 12.5 ml of 1% agar in tryptone
0yeast extract. Then 3 ml of soft agar overlay containing 5 x 10 E. celi 
viable cells/ml was added and allowed to set.
Bacteriophage was either added at the same time as the E. coli in the 
overlay or added as 0.02 ml drops on top of the soft agar after it had
cooled and set. The latter method was mere economical and quicker to
perform. When the soft agar surface was dry., the petri dishes were 
inverted and incubated at 37°C for 6 - 1 8  hours.
The plates were then examined and if f2 was present clear plaques were
visible against an opaque lawn of bacteria. The maximum countable
number of plaques was 250 per plate for the conventional overlay 
technique and 30 per droplet for the droplet technique.
Purification of f2
The virus stocks used in disinfection studies were purified in order to 
reduce the halogen demand. E. coli lysates were centrifuged at 120,000 
x g for 2 hours and the pellets were resuspended in 0.2 - 0.5 ml of 0.0514 
phosphate buffer. In some cases the resuspended pellets were pooled 
and recentrifuged to obtain a larger single pellet.
Adsorption of f2 to F.pili
Samples of either normal virus or virus treated with disinfectant were
added to 5 ml of an overnight culture of E. coli. The virus (1 ml
12with an initial titre of 10 pfu/ml) and E. coli were incubated at 
37°C for 10 minutes. The mixture was then centrifuged at 5,000 for 
10 minutes and the supernatant was discarded. The pellet' was gently 
resuspended in 0.5 ml of demineralised water and stained with 3% 
potassium phosphofcungsate, pH 6.6, for electron, microscopy.
Infectivity assays were also carried out on fractions of the same virus ■ 
sample, to enable loss of infectivity to be compared with changes in the 
adsorption characteristics of f2.
Isoelectric Focussing of Poliovirus and f2
The method of isoelectric focussing in sucrose gradients of small 
volumes was first described by Korant and Lonberg-Holm (1972).
Sucrose solutions of concentrations ranging from 15% to 40% w/v were
prepared in incremental steps of 2.5% w/v. Ampholine pH 3.5 - 10
(LKB Ltd.) was added to a final concentration of 1% and virus was added
6 5 7 5to each fraction of sucrose to give a final concentration of 10 - 10
pfu/ml.
Glass tubes (12.5 cm long, 5 mm internal diameter) were sealed at one 
end with pieces of dialysis tubing held in position by a thin section of
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plastic tubing. Sucrose gradient were generated inside these tubes by 
the stepwise addition of 0.25 ml of each concentration to the tube, 
starting with the 40% solution. The gradient was allowed to diffuse 
at 4°C for 2 hours before isoelectric focussing.
Electrophoresis was carried out using a gel electrophoresis chamber 
designed to support cylindrical gel tubes. The upper reservoir 
(cathode) was filled with a 2% solution of 2-aminoethanol and the lower 
reservoir (anode) contained 40% w/v sucrose with 1% sulphuric acid.
The lower reservoir was immersed in a water bath and held at 4°C 
throughout the experiment.,
Direct current was applied at 400 V for the first 30 minutes and 500 V 
for 5 hours. The optimal current was 10 mA per gradient. Higher 
values were usually associated with hot spots in the gradient and those 
experiments had to be abandoned.
After electrophoresis for 5^  hours the power was switched off and the 
gradients were extracted by puncturing the dialysis membrane and 
collecting 0.1 ml fractions dropwise. The samples were made up to 0.5 ml 
with demineralised water and the pH was measured. Each sample was then 
titrated for infectious virus, and the relationship between infectivity 
and pH was plotted. The isoelectric point was that point at which a 
maximum virus titre was obtained.
Filtration of Viruses
In order to evaluate the effects of virus aggregation in the disinfection 
studies samples of poliovirus and f2 were filtered through cellulose 
nitrate filters (Millipore Ltd.) held in syringe adaptors.
The filters were pre-washed with 10% calf serum and rinsed twice with 
demineralised water.
Filtration was carried out either before the addition of the virus to 
the disinfectant or after the neutralisation of the disinfectant.
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Copper 200 mesh 2.5 mm electron microscope sample grids (Agar Aids Ltd.) 
were coated with formvar and carbon as follows. A clean glass microscope 
slide was dipped into an 0.6% solution of formvar (BDH Ltd.) in chloroform. 
The slide was removed and held vertically until the chloroform evaporated. 
The formvar film remaining on the slide was scored with a scalpel and 
floated onto a surface of water. Several electron microscope grids 
were then placed on top of the floating film, which was then removed 
from the water by adhesion to a damp filter paper, with the grids 
between film and filter paper. When the filter paper was dry the grids 
were coated with carbon evaporated from an electrode using an Edwards 
306 carbon coater. The grids were then ready for use.
Virus samples were stained by mixing one drop (0.05 ml) each of virus 
and a solution of 3% potassium phosphotungstate, pH 6.6, on a clean 
microscope slide. A drop of this mixture was placed on a coated 
electron microscope grid and after 5-10 seconds it was dried by 
touching with a piece of filter paper. The negative stained specimen 
was then ready for examination by electron microscopy.
A JEOL JM 100B transmission electron microscope was adjusted by an 
experienced operator so that there was no astigmatism or sample drifting. 
Micrographs were taken at magnifications ranging from 5,000 to 120,000 
using acceleration voltages of 80 or 100 kV. Subsequent photographic 
enlargement further increased the magnification.
DISINFECTANTS
Preparation of Stocks
Chlorine was obtained in liquified ferm from BDH in a pressurised cylinder. 
Solutions of 100 mg/l were prepared by bubbling chlorine through 250 ml 
of demineralised water for about 10 minutes... These stock solutions 
were stored in the dark at 4°C for up to 4 weeks.
Bromine solutions were prepared by shaking 2-3 ml of liquid bromine 
with demineralised water until the water became red brown in colour.
E l e c t r o n  M i c r o s c o p y
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Solutions of 25 mg/l were stored at 4°C in the dark for up to 4 weeks. 
Iodine solution was prepared by shaking 2-3 gms of iodine crystals- 
with demineralised water. Solutions of 50 mg/ml were stored at 4°C 
in the dark for up to 4 weeks.
Chlorine dioxide was prepared by heating equal weights (15 g) of 
potassium chlorate, oxalic acid and water to 80°C. The green gas was 
dissolved in demineralised water and stored at 4°C in the dark for up 
to 4 weeks at a concentration of 100 mg/l ( Mellor, 1927 ).
Bromine chloride was prepared by heating a mixture of equal weights (15 g) 
of potassium bromide, potassium bromate and 1 N hydrochloric acid to 
80°C. The heavy red brown vapour was dissolved in demineralised water 
and stored at 4°C for up to 2 weeks or -30°C for up to 9 months at a 
concentration of 100 mg/l (Mills, 1975).
Diethyl-p-phenyline diamine (DPP) assay of disinfectants
DPD solution and phosphate buffer, pH B.3 was mixed with the solutions 
of disinfectant at a ratio of 1:9. The absorption spectrum of the 
coloured product was recorded using a Pye-Unicam SP800 spectrophotometer 
fitted with a chart recorder.
DPD titration was carried out using a standard solution of ferrous 
ammonium sulphate to reduce the colour of the DPD indicator or by a 
colourimeter fitted with a green (570 mm) filter (Palin 1975 b).
Initially the colourimeter was calibrated using ferrous ammonium sulphate 
titration.
Measurement of Redox Potential
A platinum wire electrode and calomel reference electrode (EIL Ltd.) 
were calibrated using a redox buffer containing M Fe (CN)gj 
M Fe (CN)g in JM_. K Cl was prepared ^E^ :
300 10
Electrode potentials were recorded when the reading became stable 
(about 90 seconds) and before each new reading was taken the platinum 
wire was wiped with alens tissue and rinsed in distilled water.
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P r e p a r a t i o n  o f  C h l o r i n e  Demand F r e e  S a l t s  and  B u f f e r s
All salts and buffers used in the kinetic experiments except ammonium 
chloride were treated tc eliminate chlorine demand. Stock solutions of 
salts (0.511) and phosphate buffer (IM) were chlorinated to a level of 
10 mg/l free chlorine and stored in the dark at room temperature for 
one week. If there was any detectable free chlorine after this time, 
it was assumed that the chlorine demand had been satisfied and free 
chlorine was removed by exposure to light from the broad spectrum 15 
watt ultraviolet lamp for 8 - 1 0  hours with continuous stirring. After 
checking for complete removal of chlorine these solutions were then 
used as chlorine demand free stocks.
If no free chlorine was detectable after a week in the dark the solution 
was rechlorinated and stored for a further week. This was repeated 
until a free chlorine residual was obtained after storage.
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Kinetic studies were carried out in 400 ml pyrex beakers which had been 
acid washed and rinsed in demineralised water.
The beakers, containing 200 ml of distilled/demineralised water, were 
immersed in a thermostatically controlled water bath fitted with 
heating and cooling coils and allowed to equilibrate at the desired 
temperature.
Overhead glass stirrers were inserted through perspex lids into the 
beakers and setto rotate at 80 rpm. The pH was adjusted using IM 
sodium hydroxide or hydrochloric acid. A precalculated volume of 
disinfectant solution was added and the residual concentration was 
checked by DPD assay.
Experiments were initiated by the addition of virus to a flask containing 
disinfectant and a control flask containing disinfectant neutralised 
by sodium thiosulphate. Some experiments (see results) were initiated 
by adding disinfectant to the virus suspension. Chlorine concentration 
and pH were monitored at regular intervals throughout the experiment.
Samples of 1 or 2 ml were withdrawn using a 10 ml pipette and the 
disinfectant was neutralised by injecting them into 0.25 or 0.5 ml 
of 1.5 mg/l sodium thiosulphate solution.
K IN ETIC S  OF D IS IN FE C TIO N
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Stocks of f2 were disinfected using 0.2 mg/l free chlorine at 4°C, 
pH 7.2 and the 10 minute sample of surviving plaque forming units was 
used to initiate a fresh culture of progeny f2.
The disinfection process was repeated with new stock grown from the 
surviving plaque forming units. The survivors of this cycle of 
disinfection were then used to initiate a new culture and so on.
In this way 5 complete cycles, producing 5 sets of progeny were 
completed. The chlorine resistance of each of the stocks and of the 
original stock was then compared.
S e l e c t i o n  f o r  C h l o r i n e  R e s i s t a n t  f 2
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R e a g e n ts
Eagles minimal essential medium with
Hanks salts, 10 x concentrate (MEM) : Wellcome Reagents
4.4% w/v sodium bicarbonate : " "
Versene (EDTA) 1 *. 5000 : " ”
Trypsin (freeze dried) : " "
Foetal calf serum : Flow Laboratories
Kanomycin sulphate : " "
Benzyl penicillin : Glaxo
Streptomycin sulphate : "
Neutral red : BDH
Diethyl phenylene diamine sulphate : ”
PBS ’A' tablets Oxoid
Standard agar : Davies
Noble agar : Difco
Nutrient broth : 1
Peptone : ”
Tryptone : "
Yeast extract : 1
Tris (hydroxymethyl) aminoethane : Sigma
Thiamine hydrochloride (aneurine) : "
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MEDIA AND STOCK SOLUTIONS
VBro Cell Culture 
MEM
FoBtal calf serum 
Bicarbonate (4.4%) 
Penicillin 
Streptomycin 
Water
Growth
10 ml 
5 ml
2.5 ml
5,000 units
5,000 jjg 
85
Maintenance
10 ml
2.5 ml 
5 ml
5,000 units
5,000 jjg 
85
Diluent DoubleStrength
10 ml 10 ml
0 ml 2.5 ml
2.5 ml 5 ml
5,000 units 5,000 units 
5, 000 pg 5,000 jjg
87 35
Agar overlay for plaque assay
Double strength medium 50 ml
2.4% noble agar 50 ml
1% neutral red 0.3 ml
Tryptone yeast extract
Tryptone 10 g
NaCl 8 g
Yeast extract '.1 g
20% w/v glucose 5 ml
0.5M CaCl2 4 ml
10 mg/ml thiamine HC1 1 ml
D i s t i l l e d  w a t e r  1 , 0 0 0  m l
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Peptone 1 g
NaCl 0.3 g
0.5M MgSO^ 1 mg
1.0M Tris (pH 7.8) 10 ml
Distilled water 1,000 ml
Phage d i l u e n t
Lawn agar
Tryptone
Yeast extract
NaCl
Glucose
Agar
0.5M CaCl 
0.5M MgS04 
Distilled water
Soft agar
Agar 0.65 g
Nutrient broth 0.8 g
NaCl 0.5 g
Distilled water 100 ml
Phosphate buffer for DPP test (pH 6.4) 
Na2H P04 2.5 g
K H2P04 • 4.6 g
0.8% EDTA 10 ml
D i s t i l l e d  w a t e r  t o  100  m l
10 g 
5 g 
5 g 
1 g
10 g
5 ml 
5 ml
1,000 ml
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DPD sulphate 0.15 g
0.8 % EDTA 2.5 ml
DPD s o l u t i o n
25% v/v H2 S04 0.8 ml
Distilled water to 100 ml
Ferrous ammonium sulphate solution : 0.01106% w/v
(1 ml FAS solution is equivalent to 10 jjg chlorine)
PBS/DMSO/DEAE DEXTRAN Diluent
PBS ’A ’ 90 ml
DMS0 (Dimethyl sulphexide) 10 ml
5DEAE Dextran (5 x 10 mw) 100 mg
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1. Plaque assay (Luria, Darnell, Baltimore & Campbell 1976)
The titre of virus expressed as plaque forming units (pfu)
per ml was obtained from the following equation
titre (pfu/ml) = _______ no. plaques counted_________
dilution factor x volume in assay
The standard deviation fiCT) was calculated as follows
£T = (m~m)2
N-1
where: m = no. plaques on each plate
m = mean plaque count 
N “ no. of plates counted
C a l c u l a t i o n s
2. Quantal assay (Dougherty, 1964)
The virus titre, expressed as tissue culture infectious dose,
50% and point (TCID^) per ml was calculated using the Spearman- 
Karber equation.
log TCID5Q/ml = X(p-1)' + (Id-dEp)
where
xp-1 - highest dilution giving all positive responses
d = lo^10 dilu’tion "factor
p = proportion positive at a given dose
£p = sum of p for Xp = 1 and all higher dilns.
The standard deviation was obtained using the formula
d2 T, p (1 -p) 
m-1
where m = number of samples at each dilution.
standard deviation (log TCID5Q) =
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In practice the standard deviations obtained by both plaque and quantal 
assay were in the range ± 0.1 - 0.3 log units. Experimental results 
yielding higher levels of variation were considered unreliable and 
were not used.
Regression analysis (Bailey 1959)
The best straight line for a series of points m, yn was obtained by the
method of least squares as follows
For the line y = mx + c
c = y - m x
and m = Z (x-x) (y-y)  
E(x-x )2
Since first order kinetics involves an exponential rate of change, a 
semi logarithmic plot such as log Vt vtime (where Vt and Vo are the virus 
titres at t and o minutes respectively) can be used to transform the 
data to a form which can be treated by regression analysis.
If experimental data were compatible with first order kinetics then the 
regression line should correlate closely with the data points. Thus if 
the regression line was within 0.3 log units of the experimental values 
it was considered that those values were compatible with a first order 
process. Any greater discrepancy between the two values was taken to 
indicate deviation from first order kinetics.
Regression analysis was also used to examine, the effects of temperature 
pH, redox potential and concentration on the rate of disinfection.
The value r (correlation co-efficient) for the regression line was 
calculated as follows
r  = £ (x.~x) (y-y)
J E(x-x)2 (y -y )2
P, the percentage points for the distribution of r was determined from 
statistical tables.
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I Standardisation of Techniques 
Titration of bacteriophage f2
A stock sample of f2 in clarified lysate was titrated by the soft 
agar overlay and the Miles and Misra technique. The results indicated 
that each technique gave comparable results with similar levels of
RESULTS
accuracy (Table 2). Plaques were visible within 6 hours.
Table 2 Comparison of assay methods for f 2
Dilution Overlay Miles & Misra
10'9 Confluent 31; 24; 38; 36; 29; 33
10-10 15 16 18 2; 3; 3; 1; 4; 2
10'11 0 2 1 □ 0 0 1 0 a
10~12 0 0 0 □ 0 0 0 0 D
12 12 TITRE 1.6 (±0?2)x10 pfu/ml • ' 1.6 [±0.4)x10 pfu/ml
Similar titres were recorded using phage diluent, PBS A or MEM (Table 3). 
Since PBS 'A' and MEM are suitable for poliovirus titration it was 
feasible to dilute both viruses together.
Table 3 Comparison of diluents for f2 assay
Phage Diluent PBS ’A' MEM
Phage Mfchg______________7.5 x 1Q11______ 7.2 x 1Q11_______ 7.6 x 1Q11
Titration of Poliovirus by Plaque Assay
Plaques were counted in monolayers of vero cells stained with neutral 
red after 2, 3 and 4 days incubation (Table 4).
T a b le  4 P la q u e  a s s a y  o f  p o l i o v i r u s  s t o c k
DILUTION 5 10'-6 10~?
Day 2 12 9 10 0 0 1
Day 3 14 13 14 1 1 3
Day 4 15 13 14 1 1 3
The plaque count reached a maximum on day 4 and remained the same 
thereafter until the monolayer began to degenerate, characteristically 
by day 6.
Titration of poliovirus in the presence of DEAE dextran and DMSO
The plaque titre of poliovirus stock was not affected by the inclusion 
of DEAE dextran and DMSO in the innoculum. In order to ensure that the 
monolayer did not suffer through exposure to DMSO the cell sheet was 
washed twice in PBS before the addition of overlay (see methods).
However the monolayer was still observed to degenerate more rapidly than in  
infectivity assay, so that plaques had to be counted on day 3 rather 
than day 4. When heated poliovirus was assayed by this technique, 
an enhancement of infectivity was detected (Table 5).
Table 5 Comparison of plaque assay with and without DEAE dextran/DMSO
VIRUS SAMPLE Conventional plaque assay Plaque assay with DEAE dextran/DMSO
Untreated stock 5.2 (±0.0) x 109 4.8 (±1.3) x 109
Stock treated at
56° for 10 minutes 2.3 (±0.7) x 10 2.7 (±0.9) x 10
Quantal assay of poliovirus by the microtitre method
Microtitre plates seeded and infected were examined each day for cytopathic 
effect. Maximum titres were recorded 4 days after innoculation (Table B) 
The cell sheets were stable for up to 10 days, without changing the 
medium.
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Table 6 Microtitration of 10 fold dilutions of poliovirus
DILUTION 10~5 10~B 10-7 10~8
Day 2 3/8 0/8 0/8 0/8
Day 3 8/8 5/8 1/8 0/8
Day 4 8/8 6/8 1/8 0/8
Comparison of micrctitre and plaque assay methods for determination 
of poliovirus infectivity.
When poliovirus infectivity was determined by both plaque assay and 
microtitration the values were similar but the 95% confidence limits 
were narrower for the plaque assay (Table 7).
Table 7 Comparison of virus titre by plaque assay and TCID^
PLAQUE 2.25 ( ± 0.28) x 1 0?
7 (±0-5)TC1D5Q 3.53 x 10 7
Effect of sonication and filtration on poliovirus and f2 infectivity
After sonication the virus samples were either titrated directly, or 
filtered through 0.22 or 0.05 pn cellulose nitrate filters and then 
titrated (Table 8 and 9).
-  62 -
T a b le  8 E f f e c t  o f  s o n i c a t i o n  a nd  f i l t r a t i o n  on p o l i o v i r u s  t i t r e
TREATMENT VIRUS SAMPLES (pfu/ml)
UNTREATED 7.1 x 109 •- 8.1 x 104
SONICATED 1.0 x  101° 2.0 x  109 1.4 X 109 7.0 x  1Q4
0.22 jum FILTRATE - 2.1 x  109 - 6.7 x  104
0.05 jum FILTRATE 1.6 x. 1Q9 3.5 x  108 3.4 x  108 1 .7 x  104
Table 9 Effect of sonication and filtration on f2 titre
TREATMENT VIRUS SAMPLES (pfu/ml)
1 2 3
UNTREATED 2.5 x 1011
SONICATED 2 . 6 x 1 0 11 ' 1.0 x 101° 1.3 x 1Q8
0.22 jum FILTRATE - 1.8 x 101°
0.05 pm FILTRATE 2.0 x 1Q11 1.1 x 1Q1° 1.0 x 1Q8
Tables 8 and 9 show that neither the titre of f2 nor poliovirus was 
affected by sonication or filtration through a 0.22 pm filter. The 
titre of poliovirus was reduced on average by 80% on filtration through 
a 0.05 ^ um filter and the titre of f2 was reduced by about 26%
Purification of Virus Samples
For kinetic experiments poliovirus was concentrated from 25 ml tissue 
culture lysates by ultracentrifugation and resuspended in 1 ml of 
phosphate buffer, representing a 25 fold concentration. However the
- 63 -
titre was usually increased by only 10 to 15 fold, which indicated 
a 50% recovery. Recovery of f2 followed a similar pattern. Samples 
were examined by electron microscopy after ultracentrifugation.
Poliovirus preparations contained a mixture of particles penetrated 
by stain ("empty" particles) and particles impermeable to stain ("full" 
particles), both of diameter 28 mm. The f2 preparations were more 
homogeneous, all particles were impermeable to stain and slightly 
smaller than polioviruses, at 25 mm in diameter. Both preparations 
contained substantial amounts of impurities which appeared as amorphous 
debris and in some cases caused the stain to crystalise producing 
electron opaque areas on the grid.
Adenovirus lysates were also concentrated by ultrspentrifugation before 
use in disinfection studies.
Poliovirus was further purified by sucrose gradient velocity centrifugation 
and caesium.chloride isopycnic centrifugation. Such preparations were 
observed to consist exclusively of full particles.
It was interesting to note that specific antiserum produced f2 particles 
which had altered staining properties (Plate 1) whereas the staining 
properties of poliovirus were not affected by antiserum (Plate 2).
Isoelectric focussing of poliovirus and f2
Poliovirus infectivity was concentrated in two parts of the pH gradient, 
corresponding to isoelectric points of pH 7.0 and pH 4.0 respectively 
(Figure 1).
Only one isoelectric point was detected for f2, at pH 4.1 (Figure 2).
DPD titration of disinfectants
The DPD reaction with chlorine, bromine, chlorine dioxide and iodine <
formed products with identical adsorption spectra (Figure 3).
Colourimeter readings of DPD treated with chlorine concentrations of 
between 0.05 and 1 mg/l, as determined by sodium thiosulphate titration,
-  6A -
produced a linear dose response relationship when the readings were 
taken at 60 seconds after the initial reaction (Table 10). '
Stability of pH, disinfectant residual and virus titres in kinetic studies
-4Phosphate buffer (2.5 x 10 M) was chosen as a buffer which was effective 
at low concentrations. The pH was stable to within +0.2 pH units for 
up to 20 minutes in the range pH 5 - pH 6.5. At pH 9 and 10 the pH was
stable up to 15 minutes, after which it began to fall gradually. The
rotation of the overhead stirrers was found to cause a slight drop in 
pH, so it was necessary to adjust the pH with the stirrers in operation. 
The addition of disinfectant and virus samples did not affect the pH.
Disinfectant residuals were stable provided that halogen demand free 
solutions and glassware and purified suspensions were used. Chlorine
was the least stable solution and in spite of the precautions losses of
up to 10% of the initial dose were sometimes recorded after 20 minutes. 
These losses may have been due to volatisation and photoinactivation.
Table 10. Calibration of colourimeter.
Chlorine (mg/l Colourimeter reading (Ec„.)bZ u Predicted reading
0.07 0.017 0.015
0.13 • 0.031 0.032
0.15 0.032 0.037
0.15 0.035 0.037
0 .2 0 0.040 0.051
0.22 0.054 0.057
0.23 0.056 0.060
0.35 0 .1 1 1 0.094
0.40 0.115 0.108
0.50 0.149 . 0.136
0.80 0.210 0.221
1 .0 0 0.276 0.277
Correlation : 0.9943
P < 0 . 0 0 1
- 6 5 -
Figure 1 Distribution of Poliovirus infectivity after 
isoelectric focussing
pfu/ml x lCf7
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Figure 2 Distribution of f2 infectivity after isoelectric 
focussing
pfu/ml x 10"6
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Figure 3 DPD adsorption spectrum (450-600nm) after treatment
with hologen disinfectants (C102, Br2', BrCl, I2 and C12)
450 600 nm
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I o d i n e  l a b e l l i n g  o f  p o l i o v i r u s
A purified suspension of poliovirus was mixed with a solution of BSA 
and iodinated. Fractionation of this sample by rate zonal centrifuga­
tion on a 25 - 40% w/v sucrose gradient left most of the radioactivity 
at the top of the centrifuge tube. However seme radioactivity 
sedimented in the same fractions as infectious virus (Figure 4).
When this sample was tested for specificity of adsorption to vero
cells the efficiency was found to be higher than that of a control
131sample containing iodine and BSA (Table 11)
Further purification by isopyonic centrifugation resulted in the loss 
of most of the radioactivity from the virus sample, however there 
was a peak at the characteristic poliovirus density of 1.32 gm/ml- 
(Figure 5).
Isoelectric focussing of this sample resulted in a further dilution of 
the radioactivity and also in an unfocussed distribution of pclio- 
virus (Figure B)
From the results of these experiments it appeared that most of the 
iodine label was loosely associated with the virions and could be 
removed by physical separation procedures, however some of the 
virus behaved differently an electrophoresis, which suggested that 
the reaction had an effect on the surface charge on the virions.
In view of the low efficiency of labelling and the altered behaviour 
of poliovirus after treatment this technique did not seem to have 
potential as a means of studying the effect of disinfection on 
poliovirus structure and function.
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Table 11 Adsorption of sucrose gradient purified fraction of 
131 [Labelled poliovirus to vero cells
SAMPLE CPM
POLIOVIRUS CONTROL RATIO POLIOVIRUS
CONTROL
INPUT (1ml) 3925 2422 1.6
ELUENT (0.9ml) 3397 2251 1.5
WASHING 442 316 1 .4
CELL ASSOCIATED 337 148 2.3
FIGURE 4: RATE ZONAL SEDIMENTATION OF POLIOVIRUS AFTER 131 IODINATION
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Figure 5 Distribution of radioactivity in a caesium chloride
131gradient containim Iodine labelled poliovirus
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Figure 6 Distribution of radioactivity and infectivity after 
electrofocussing of poliovirus
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Figure 7 Variation in mean rate of reaction of f2 with
log(Vt) concentration of chlorine (pH 7.2, 5°C)
00 0.5 1.0 mg/l
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A. CONCENTRATION OF CHLORINE
Effect of the concentration of chlorine on the inactivation of f2
The reaction conducted at pH 7.2, 5°C, was more rapid at higher chlorine 
concentrations. At all concentrations there was an initial rapid loss 
of infectivity for 1 to 3 minutes followed by a slower loss of infectivity. 
(Table 12). This biphasic character was statistically significantly 
different from a simple first order decay process at all concentrations.
Effect of the concentration of chlorine on the mean rate of reaction 
with f2
The mean rate of reaction over the first 10 minutes was directly 
proportional to the concentration of chlorine (Table 13, Figure 7).
This would be expected if the same reaction were causing the loss of 
infectivity throughout the concentration range.
Although the correlation between a straight line and the actual], 
experimental results was close for each concentration tested (Table 13) 
the y intercept was consistently less than zero. Thus in each case 
the initial loss of infectivity was greater than the mean rate throughout 
the experiment.
R ES U LT S I I  K I N E T I C S  OF C H L O R IN E  I N A C T I V A T I O N
Table 12 Effect of the concentration of chlorine on the inactivation 
of f2 (pH 7.2, 5°C) : log (Vt/Vo)vs chlorine mg/l
MINUTES 0.05 0.1 0 .
CHLORINE CONCENTRATION 
0.15 .0.20 0.25 0.40
(mg/l)
0.50 MINUTES. 1.00
12 -0.51* -1.09 -0.86 -0.78 -1 .27 -1 .85 -1 .67 12 -1.87
2 -1.44 -1.52 -2.12 -1.72 -1 .77 -2.92 -2.87 1 -2.98
5 -1.82 -2.11 -2.64 -2.98 -2.91 -4.60 -5.26 2.5 -5.64
10 -2.51 -3.31 -3.53 -4.46 -4.17 -5.22 -6.00 5.0 -6.00
*  l ° g 1 0  V t / V o
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Table 13 Effect of concentration of chlorine on the mean rate of 
reaction (pH 7.2, 5°C)
CHLORINE
CONCENTRATION
mg/l
RATE INTERCEPT 
log (Vt/VoTmin’ 1
CORRELATION
(r)
P
0.00 0.00
0.05 0.23 -0.47 0.92 0.05
0.10 0.28 -0.62 0.95 0.02
0.15 0.31 -0.74 0.91 0.05
0.20 0.42 -0.52 0.98 0.01
0.25 0.37 -0.74 0.95 0.02
0.40 0.45 -1.33 0.89 0.05
0.50 0.95 -0.66 0.97 0.05
1.00 2.15 -0.47 0.98 0.02
Variation of rate with concentration - 2.02 log units/min/mg/1
r = 0.97 p < 0.001
Effect of concentration of chlorine on the survival of a mixture of
poliovirus and f2
The reaction, conducted at pH 7.2, 5°C, was more rapid at higher chlorine 
x concentrations. There was a distinctly biphasic pattern with both 
poliovirus and f2. The behaviour of f2 was essentially the same alone 
(Table' 12 & 13) or mixed with poliovirus (Table 14 & 15). Poliovirus 
displayed a more markedly biphasic inactivation profile than f2 and 
was consistently more resistant to chlorine (Figure 8, Table 16).
There was insufficient data to determine the precise relationship between 
chlorine concentration and mean reaction rates. Approximate values 
based on the mean rates at 0, 0.1, 0.2 and 0.4 mg/l chlorine are 
presented in Table 18'.
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(pH 7 . 2 , 5°C) : log Vt v mg/l
Vo
T a b l e  1 4  E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  c h l o r i n e  o n  t h e
i n a c t i v a t i o n  o f  f 2  i n  t h e  p r e s e n c e  o f  p o l i o v i r u s
Minutes
Chlorine
0.1
concentration
0.2
(mg/l)
0.4
12 -0.4* -1.3 -1.4
2 -1.3 -2.2 -2.6
5 -1.9 -3.0 -3.5
10 -2.4 -4.2 -4.5
* Iog10 VtVo
Table 15 Effect of the concentration of chlorine on the mean rate
of inactivation of f2 in the presencaof poliovirus 
(pH 7.2, 5°C)
Rate: log (Vt3
Chlorine mg/l  (Vo) Intercept Correlation P<
rflin
0 - - 
0.23 -0.4 0.93 0.02
0.36 -0.9 0.93 0.02
0.38 -1'.0 0.91 0.05
0
0.1
0.2
0 . 4
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TABLE 16 Effect of the concentration of chlorine on the
inactivation of poliovirus (pH 7.2, 5°C) log • v mg/l
Minutes Chlorine
0.1
concentration
0.2
(mg/l)
0.4
12 -0.7* -0.9 -1.35
2 -1 . 1 -1.8 -2.4
5 -1.4 -2.6 -2.9
10 -1.6 -3.2 -3.4
TABLE 17 Effect of the concentration of chlorine on the
mean rate of inactivation of poliovirus (pH 7.2, 5°C)
Chlorine mg/l Rate. Log Vt
Vo Intercept Correlation P<
min
0
0.1
0.2
0.4
0
0.13
0.28
0.27
-0.51
-7.1
-1.0
0.84
0.91
0.84
0.1
0.05
0.1
TABLE 18 Variation in the rate 
chlorine in the range
of reaction with 
0 - 0 . 4  mg/l
the concentration of
VIRUS log Vq /mm/mg/I Correlation Intercept P<
f2 alone 1.40 
f2 with polio 1.80 
poliovirus - 2.10
• 0.999 
0.988 
0.988
-0.003
-0.017
-0.023
0.05
0.10
0.10
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Effect of temperature on the inactivation of poliovirus in the 
presence of 0.2 mg/l chlorine (pH 7.23
The rate of inactivation of poliovirus by chlorine was sensitive to 
and increased with temperature over the first two minutes (Table 19) 
Figure 9). After this time a more resistant fraction of infectivity 
was observed which was not affected by temperature (Table 20.
Figure 9).
Taking the initial rate to correspond to an exponential decay process, 
the energy cf inactivation (E ) is approximately 70 kilocalories 
per mole for poliovirus in 0.2 mg/l chlorine solution, pH 7.2
Effect of temperature on the inactivation of f2 by chlorine 
(□.2mg/l, pH 7.2).
The rate of reaction increased with temperature (Table 21, Figure 9) 
The reaction was slightly biphasic, although much less distinct 
than the-pdio virus reaction. At temperatures above 5°C the second 
phase of the reaction became less distinct, nevertheless the mean 
rates of inactivation correlated closely with an exponential decay in 
infectivity (Table 22).
Assuming the mean rate to correspond to a first order reaction the 
energy of inactivation is approximately 55 kilocalories per mole 
for f2 in 0.2 mg/l chlorine at pH 7.2
B T e m p e r a t u r e
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TABLE 19: The effect of temperature on the inactivation .of
poliovirus (0.2mg/l chlorine pH 7.2) log v °C
MINUTES 5
TEMPERATURE °C 
10 15 20
2 *COi—)i -1.7 -2.2 2.7
5 -2.6 -2.7 -3.0 -3.3
no -3.2 -4.0 -4.0 -4.0
i tvt)
ID (Vo)
TABLE 20 The effect of temperature on the rate of inactivation 
of poliovirus (0.2 mg/l chlorine, pH 7.2)t
RATE: log / min
TEMPERATURE °C FIRST 2 MINUTES 2 - 5  MINUTES
5 0.90 0.26
10 0.85 0.33
15 1.10 0.26
2 0  1 . 3 5  0 . 2 0
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(0.2 mg/l chlorine pH 7.2) log Vt □
Vo V L
T A B L E  2 1  T h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  i n a c t i v a t i o n  o f  f 2
TEMPERATURE °c
MINUTES 5 10 15 20 25
12
*
-0.78 -0.75 COtX3Oi i—i t—irH1 -1.47
2 -1.72 -1.53 1 I-1 CD -1 -92 -2.21
5 i w CO CD -3.81 -4.10 -5.02 -6.04
. 10 -4.46 -6.00
CMmCOi -6.7 -6.7
TABLE 2X The effect of temperature on the mean rate of inactivation 
of f2
°C
Rate:
Vt . . log /min y intercept correlation probability of error
5 0.42 -0.52 0.976 0.01
10 0.59 -0.35 0.991 0.01
15 0.63 -0.45 0.990 0.01
20 0.95 -0.23 0.991 0.01
25 1.13 -0.32 0.985 0.02
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EoS Vt v concentration Vo
T A B LE  2 3  I n a c t i v a t i o n  o f  p o l i o v i r u s  b y  c h l o r i n e  (p H  5 ,  5 ° C ) :
MINUTES 0.05
CHLORINE CONCENTRATION mg/l 
0.10 0.20
12 -0.40* -0.25 -0,25
2 -0.80 -0.70 -0.50
5 -1 . 10 -1 .40 -1 .42
10 -1.30 -1 .60 -2.27
* log Vt 
Vo
TABLE 24 Effect of concentration of chlorine on the mean
inactivation of poliovirus (pH 5, 5°C3 log ,Vt
.Vo
rate of 
/min
CHLORINE
mg/l
log (Vt) . .... ,r-~r /mm (vo)
Intercept Correlation P
0.05 0.113 -0.32 0.887 0.05
0.10 0.157 CDCOOI 0.929 0.05
0.20 0.226 -0.10 0.992 0.001
Variation of rate with concentration = 1.06 log units/min/mg/1
r = 0.9527, P < 0.05
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C. pH
Inactivation of poliovirus and f2 by chlorine at pH 5
The kinetics of the inactivation of poliovirus by chlorine at pH 5 
were consistent with a first order process (Table 23 Figure 10).
Over the concentration range 0.0 - 0.2 mg/1 the rate of inactivation 
was proportional to the chlorine concentration (Table 24).
The kinetics of the inactivation of f2 were also consistent with those 
of a first order process, but the rate was much higher than that of 
poliovirus (Table 25 Figure 10). The mean rate was proportional to 
the chlorine concentration over the range 0.0 - 0.2 mg/l (Table 26)
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o .
lo£ v concentrationVo
TA B LE  2 5  I n a c t i v a t i o n  o f  f 2  b y  c h l o r i n e  ( p H  5 ,  5 C )
MINUTES 0.05 0.10 0.20
12
*
-0.57 -0.92 1.67
2 -2.50 -4.54 -5.00
5 -5.00 -5.00 -5.00
* log Vt 
Vo
TABLE 26 Effect of concentration of chlorine on the mean rate of
inactivation of f2 (pH 5, 5°C) log Vt_ 7m^n
Vo
CHLORINE
mg/l
log (Vt), . 
CVo)
Intercept Correlation P
0.05 . 1.28 coo01 0.9996 0.02
0.10 2.30 +0.10 0.9990 0.05
0.20 3.34 - - -
Variation of rate with concentration = 16.30 log units/min/mg/1 
r = 0.9749 P < 0.05
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The inactivation of poliovirus at pH 6, 5°C by chlorine (0.2 mg/l) Was 
inconsistant with first order kinetics (Table 27, 28, Figure 11). 
There was a decline in the log rate of inactivation of virus after the 
first 30 seconds. Over the ten minute period, substantially more 
poliovirus was inactivated at pH 6 than at pH 5.
The inactivation kinetics of f2 at pH 6 were also inconsistant with 
a first order process (Tables 29, 30, Figure 11), although the 
persistent fraction was less striking than in the case of poliovirus. 
In contrast to poliovirus, f2 was more resistant at pH B than at 
pH 5, however at pH 6 f2 was still more sensitive to chlorine than 
poliovirus.
I n a c t i v a t i o n  o f  p o l i o v i r u s  a n d  f 2  b y  c h l o r i n e  a t  pH 6
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T A B LE  2 7  I n a c t i v a t i o n  o f  p o l i o v i r u s  b y  c h l o r i n e  (p H  6 ,  5 ° C ,  0 . 2  m g / l )
TIME log Vt 
Vo,
12 -0.82
2 -1 .43
5 0LDCM1
10 -2.80
TABLE 28 Mean rate of inactivation of poliovirus by 0.2 mg/l 
chlorine (pH 8, 5°C)
lDg —• /min Vo
INTERCEPT CORRELATION P
0.23 0.64 0.877 < 0.1
Inactivation of f2 by chlorine (pH 6, 5°C, 0.2 mg/l)
TIME log Vt 
Vo
12 -0.31
2 -2.20
5 -3.41
10 -4.80
TABLE 30 Mean rate of inactivation of f2 by 0.2 mg/l chlorine 
(pH 6, 5°C)
log Vt , . INTERCEPT CORRELATION P -
VO /min
0 . 4 7 0 . 4 9 0 . 9 5 4 <0.02
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The inactivation by chlorine of poliovirus and f2 at pH 7.2 was 
described earlier [Results section IIA; Tables 14, 15, 16 and 17,
Figure 8). It is interesting to note that poliovirus was more 
resistant to chlorine at pH 5 than at pH 7.2 and that the inactivation 
kinetics of poliovirus and f2 were not those of a first order process.
Inactivation of poliovirus and f2 by chlorine at pH 8.
Poliovirus inactivation kinetics were again not fully compatible with 
a first order process, since there was a persistent fraction. The 
deviation from first order kinetics was less than the deviations observed 
at pH 6 and 7.2. (Table 31 and 32, Figure 12). The mean rate of inactivation 
was less than the rate at pH 5, 6 and 7.2 for the same concentration of 
free chlorine.
The kinetics of f2 inactivation at pH 8 could not be distinguished from 
a first order reaction (Table 33 and 34, Figure 12). At pH 8 f2 was 
more resistant to 0.2 mg free chlorine than at pH 5, 6 and 7.2. Of 
the two viruses, f2 was the more sensitive to chlorine at pH 8.
TABLE
TABLE
TABLE
TABLE
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3 1  I n a c t i v a t i o n  o f  p o l i o v i r u s  b y  c h l o r i n e  [p H  8 ,  5 ° C ,  0 . 2  m g / l )
TIME log Vt 
Vo
12 -0.43
2 -1.05
5 -1 .61
10 -2.15
Mean rate of inactivation of poliovirus by chlorine 
(pH 8, 5°C, 0.2 mg/l).
log Vt , . rr- /min Vo INTERCEPT CORRELATION P
0.20 -0.35 0.945 < 0.02
Inactivation of f2 by chlorine (pH 8, 5°C, 0.2 mg/l)
TIME log Vt
Vo
12 -0.41
2 -0.75
5 -1 .73
10 -2,60
Mean rate of inactivation of f2 by chlorine (pH 8, 5QC,
0.2 mg/l)
log Vt . : 77- /min Vo
INTERCEPT CORRELATION P
0 . 2 5 -0.22 0 . 9 8 5 < 0.01
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Poliovirus inactivation kinetics deviated from.an exponential decay at 
a chlorine concentration of 0.2 mg/l (Tables 35 and 36, Figure 13).
At concentrations of 0.5 mg/l and 1.0 mg/l, inactivation corresponded 
with first order reaction kinetics. The log of the mean rate of 
inactivation of poliovirus was directly proportional to the chlorine 
concentration.
Chlorine inactivation of f2 at pH 9 was consistent with a first order 
process at all three chlorine concentrations tested (Tables 37 and 38, 
Figure 13). The log of the mean rate of inactivation of f2 was directly 
proportional te the chlorine concentration.
I n a c t i v a t i o n  o f  p o l i o v i r u s  a n d  f 2  b y  c h l o r i n e  a t  pH 9
-  94 -
log Vt ^ concentration .Vo
TABLE 3 5  I n a c t i v a t i o n  o f  p o l i o v i r u s  b y  c h l o r i n e  (p H  9 ,  5 ° C }
MINUTES 0.2 0.5 1.0
12 -0.50* oCO01 -0.15
2 - -0.73 -1 .23
5 -0.92 -1.36 -2.00
10 -1 .05 CNCOCNI -2.51
* log Vt 
Vo
TABLE 36 Effect of the concentration of chlorine on the mean rate 
of inactivation of poliovirus (pH 9, 5°C)
CHLORINE
mg/l
log Vt , . Tj- /min Vo Intercept Correlation P<
0.2 0.09 -0.27 0.87 NS
0.5 0.22 -0.17 0.991 0.01
JL.Q 0.25 -0.3 0.931 0.05
Variation of mean rate with chlorine concentration = 0.25 log units/min/mg/1 
r = 0.9223 P < 0.1
-  9 5  -
TABLE 37 Effect Df concentration of chlorine on the mean rate of 
inactivation of. ••f'2 (pH 9, 5°C)
CHLORINE
mg/l
log Vt 
Vo /min
Intercept Correlation P
0.2 0.05 -0.08 0.917 0.1
O.vS' 0.20 -0.06 0.997 0.001
1.0 0.26 -0.21 0.990 0.001
Variation of mean rate with chlorine concentration =0.27 log units/
min/mg/1 r = 0.958 P < 0.1
TABLE 38 Inactivation of f2 by chlorine (pH 9, 5°C)
log Vt. y. concentration Vo
MINUTES 0.2
CHLORINE
0.5
(mg/l)
1.0
*12 -0.21 -0.21 -0.37
2 - -0.43 -0.93
5 -0.22 -1.15 -1 .58
10 -0.57 -2.01 -2.73
* log Vt 
Vo
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Neither poliovirus nor f2 were inactivated to any detectable extent 
by 0.2 mg/l chlorine at pH 10, 5°C (Tables 39 and 40, Figure 14).
TABLE 39 Inactivation of poliovirus by chlorine (pH 10, 5°C, 0.2 mg/l)
I n a c t i v a t i o n  o f  p o l i o v i r u s  a n d  f 2  b y  c h l o r i n e  a t  pH 1 0
MINUTES log Vt
Vo
15 0 .0 0
2 +0 . 1 2
5 + 0 . 2 1
1 0 0 .0 0
TABLE 40 Inactivation of f2 by chlorine (ph 10, 5°C, 0.2 mg/l)
MINUTES log Vt
Vo
12 + 0.30
2 +0.30
5 0.00
10 -0.25
-  98 -
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Tables 41 and 42 compare the behaviour of poliovirus and f2 in chlorine 
over the pH range 5 - 10. The most striking difference was the high 
resistance of poliovirus to chlorine at pH 5 compared with that of f2. 
Poliovirus was also considerably more resistant to chlorine than f2 at 
pH 6. At higher pH the mean rates of inactivation for the viruses were 
similar, although the kinetics were different in seme cases, with 
poliovirus showing a more noticeable deviation from an exponential 
decline in infectivity at pH 8, 7.2 and also at pH 6. Less accentuated, 
but statistically significant deviations from first order kinetics were 
observed with f2 in chlorine at pH 6 and 7.2.
Whereas f2 became progressively more resistant to chlorine at higher pH, 
poliovirus was highly resistant at pH 5, had a minimum level at pH 7.2 
and became increasingly resistant at higher pH. Chlorine had little 
effect on either virus at pH 10.
- 100 -
TABLE 41 The effect of pH on the mean rate of virus inactivation 
by chlorine (0.2 mg/l, 5°C)
pH
MEAN RATE:
Pouo
log Vt , . rr /min Vq
■F2
5 0.23 3.34
6 0.23 0.47
7.2 0.28 0.36
8 0.20 0.25
9 0.09 0.05
10 0.00 0.04
TABLE 42 Effect of pH on the concentration dependance of the 
mean reaction rate
l
log Vt 
.Vo /min/mg/1
pH
POLIO f 2 '
5 1 .06 16.30
7.2 1.40 1.80
9 0.25 0.27
101 -
D.. The effect of metal ions on the inactivation of poliovirus and f2 by 
chlorine 'v
Poliovirus and f2 were either inactivated in separate experiments with 
0.4 mg/l chlorine at 5°C, pH 7.2 (Tdbles 43 and 44, Figures 15 and 17) 
or in suspension containing both viruses simultaneously (0.2 mg/l 
chlorine at 5°C, pH 7.2, Tables 43 and 46, Figures 16,18,19 and 20).
Different concentrations of magnesium, calcium, aluminium or sodium 
chloride (0, 1mM, 4mM or 10mM) were tested for their effect on each 
virus.
Magnesium chloride stabilised f2 to inactivation by 0.4 mg/l and 0.2 mg/l ekL
O&ImM and to a lesser extent at 4 mM (Tables 44 and 46) such that f2
became more resistant to chlorine than poliovirus under the same
conditions (Tables 43 and 45, Figures 15 and 16). Poliovirus became
progressively more sensitive to chlorine as the concentration of magnesium
chloride was increased. At 10 mM concentrations both poliovirus and f2
-4were more sensitive than in 2.5 x 10 M phosphate buffer alone.
Calcium chloride had little effect on poliovirus at any of the 
concentrations examined (Tables 43 and 45, Figures 17 and 18), although 
ImM and 4mM concentrations increased the stability of f2 in chlorine 
solutions (Tables 44 and 46, Figures 17 and 18). In 10mM calcium 
chloride f2, however, was inactivated at the same rate as in phosphate 
buffer alone.
Aluminium chloride affected poliovirus inactivation at a concentration 
of 4mM,. increasing the extent of a persistent fraction (Table 45, Figure 19). 
At concentrations of 1mM and 10mM the resistance of poliovirus was not 
affected greatly.when compared with the phosphate buffered control.
In contrast f2 was much more sensitive to chlorine disinfection in the 
presence of 1mM aluminium chloride. At a concentration of 4mM f2 was 
more sensitive to chlorine than the control, but not as sensitive as in 
ImM aluminium chloride. At a concentration of 10mM there was no 
significant difference between the kinetics of inactivation in aluminium 
chloride and in phosphate buffer (Table 46, Figure 19).
- 102
Sodium chloride had no detectable effect on the chlorine inactivation of 
either poliovirus or f2 when present at a concentration of 4mM. The 
inactivation of both viruses was slightly enhanced by concentrations of 
either ImM or IQmM sodium chloride (Tables 45 and 46, Figure 20).
-  103 -
TABLE 43 The effect of rwabpesium chloride and calcium chloride on 
the inactivation of poliovirus by chlorine (0.4 mg/l, 
pH 7.2, 5°C)
MINUTES
PHOSPHATE BUFFER
MAGNESIUM 
1 mM
CHLORIDE 
4 mM
CALCIUM 
1 mM
CHLORIDE 
4 mM
12
*
-1.35 -1 .41 -1.0 -0.26 -0.97
1 -1.86 -2.40 -3.6 -1.28 -0.97
2 -2.40 -3.15 4.0 -1.57 -1.72
5 0cnCM1 4.0 II -3.0 3.0
10 -3.40 n II If II
* log Vt 
Vo
TABLE 44 The effect of magnesium chloride and calcium chloride 
on the inactivation of f2 by chlorine (0.4 mg/l, 
pH 7.2, 5°C)
MINUTES
VIRUS SURVIVAL: log (Vt)
(Vd )
MAGNESIUM CHLORIDE CALCIUM CHLORIDE
PHOSPHATE BUFFER 1 mM 4 mM 1 mM 4 mM
12
*
-1 .85 -1.78 -1.30 -0.94 -0.10
1 - - -1|32 -0.52
2 -3.00 -2.92 -3.40 -1.97 -1.15
5 -4.60 - -3.00 -2.46
10 -5.22 -4.70 -5.00 -4.00 -3.46
* log Vt 
Vo
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E. The inactivation of poliovirus in supply water by chlorine
A comparison of the inactivation of the same preparation of stock 
poliovirus inactivated in two different samples of natural supply 
■water and a phosphate buffer control revealed statistically significant 
different behaviour at both 1 mg/l and 0.4 mg/l chlorine concentrations 
(Table 47, Figure 21).
In both of the supply water samples the rate of inactivation was 
reduced compared with the chlorine control. In spite cf prefiltration 
of the virus non-linear kinetics were evident in some of the experiments.
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TABLE 47 Inactivation of poliovirus by 1 mg/l and 0.4 mg/l 
chlorine (5°C, pH 7.4)
MINUTES PHOSPHATE 
0.4mg/l
BUFFER 
1 .0mg/l
VIRUS INACTIVATION: log
NORTH ORPINGTON WELL 
0.4mg/l 1.0mg/l
(Vt)
(Vo
GUILDFORD SUPPLY 
0.4mg/l 1.0mg/l
12 -0.41 -1 .21 -0.3B -1 .25 -0.28 -0.62
1 -1.55 -3.00 - -1 .81 -0.41 -1.0
2 -2.31 -4.50 -0.68 -4.51 -0.51. -2.37
5 -3.0 -4.50 -1 .21 -4.51 -0.91 COCOCMI
10 -4.5 -4.50 -1 .63 -4.51 “ 1 .22 -3.31
TABLE 48 Composition of supply water
NORTH ORPINGTON WELL GUILDFORD SUPPLY
pH 7.4 
Magnesium 2.5 mg/l 
Calcium 87.4 mg/l
7.4
■5.0mg/l 
98.2mg/l
- 113
a) 2.5 x 104M PHOSPHATE BUFFER
‘Vo
b) NORTH ORPINGTON WELL WATER
Vo
10 MINUTES
0.4 mg/l
10 MINUTES
c) GUILDFORD SUPPLY WATER
LOG Vt 
Vo.
Figure 21 Inactivation of poliovirus by Img ./I and 0.4 mg/l 
Chlorine (5°C, pH 7.4)
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Filtration through 50 n:m (mean pore diameter) cellulose nitrate filters 
was carried out either before the inactivation experiment (prefiltration) 
or after sampling and neutralisation of the chlorine used for inactivation 
(filtration of the samples). Poliovirus and f2 were inactivated in 
separate experiments.
The effect ofprefiltration of the innoculum on inactivation
Prefiltration of poliovirus of f2 had no detectable effect on the 
sensitivity to 0.1 mg/l chlorine of these virus preparations at pH 7.2, 
5°C. As with unfiltered innocula, neither virus was inactivated at an 
exponentially declining rate (Tables 49 and 50, Figure 22).
The effect of filtration of samples on inactivation
There was little difference in survival between filtered and unfiltered 
poliovirus samples. Inactivation was incompatible with a simple first 
order reaction at pH 7.2. Filtered samples of f2, however, showed a 
more rapid declined in titre throughout the range of pH tested (Tables 
51 and 52, Figure 23).
F . T h e  e f f e c t  o f  f i l t r a t i o n  o f  t h e  v i r u s  o n  i n a c t i v a t i o n  b y  c h l o r i n e
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TABLE 49 The effect of filtration of' the innoculum on the 
subsequent inactivation of poliovirus by chlorine 
(0.1 mg/l, pH 7.2, 5°C)
MINUTES
VIRUS
FILTERED
INACTIVATION: log Vt
Vo
UNFILTERED
12 -0.5 -0.7
2 -0.6 -1 . 1
5 -0.8 -1 .4
10 -1.7 -1.6
TABLE 50 The effect of filtration of the innoculum on the 
subsequent inactivation of f2 by chlorine 
(0.1 mg/l, pH 7.2, 5°C)
MINUTES
VIRUS INACTIVATION: log Vt
Vo
FILTERED UNFILTERED
2
5
10
-0.9
-1.2
-1.7
-2.4
-0.4
-1.3
-1.9
-2.4
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G. Inactivation of two successive innocula of poliovirus by chlorine
WHen a preparation of poliovirus was injected into a chlorine solution a 
characteristic kinetic pattern was observed, showing an initial rapid 
rate of inactivation declining after one minute. To test whether this 
decline in rate was due to loss of chlorine disinfecting capacity a 
second innoculum was added at 10 minutes. Similar inactivation kinetics 
were observed, suggesting that the virucidal efficiency of the chlorine 
solution had not diminished (Table 53, Figure 24).
TABLE 53 Two stage inactivation of poliovirus by chlorine 
(0.4 mg/l, pH 7.2, 5°C)
MINUTES log Vt 
Vo
12 -1.7
2 -3.0
5 -3.3
10 -4.0
2nd innoculum at 10 minutes
104 -1.7
12 -3.0
15 -3.2
20 -4.2
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H. Comparative chlorine sensitivity of several wild isolates and 
laboratory strains
The following viruses were treated with 0.2 mg/l chlorine at pH 7.2,
5°C: coxsackievirus A2 (6 isolates), Coxsackievirus A9 (1 isolate), 
Coxsackievirus B3 (3 isolates), Coxsackievirus B5 (1 isolate), 
poliovirus I (2 isolates), poliovirus II (5 isolates), echovirus I 
(1 isolate), f2 (1 isolate), adenovirus 5 (1 isolate). The results 
(Table 52) of this comparative study show that a wide range of 
sensitivity to chlorine was detectable in the virus isolates examined. 
With the exception of poliovirus types I and II, the viruses tended 
to have a similar resistance to chlorine within each group. Thus 
2 of the Coxsackievirus B3 isolates were more resistant than the 
Coxsackie B5 and A9 isolates. Coxsackie A2 "types'grouped together 
as the next more resistant isolates, with a similar chlorine resistance 
to the bacteriophage f2. Adenovirus type 5 was much more sensitive 
to chlorine.
□f the five poliovirus type II isolates examined, two were found to be 
highly resistant, one to be in the mid range of resistance and two 
to be amongst the more sensitive viruses. The two poliovirus type 
I isolates also had different sensitivities to chlorine, the vaccine 
strain LSc 2ab was in the mid range of sensitivity, whereas the 
wild isolate examined proved to be far more sensitive.
The kinetics of virus inactivation also differed throughout the 
samples; some isolates had a very much greater resistant fraction than 
others, with substantial deviations from first order kinetics.
However deviation from apparent first order kinetics was not detectable 
in all virus isolates nor was it directly related to chlorine resistance.
TABLE 54 Inactivation of different isolates of enteroviruses by 
chlorine (0.2 mg/l, pH 7.2, 5°C)
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ISOLATES % SURVIVAL
2 min 10 min
CoxsacKie A2 10.0 8.3 1 . 1 1.3
IF 6.3 5.7 1.5 1.5
II 3.2 3.3 1.5 1.5
*91 3.0 3.4 0.63 0.59
II 3.0 2.9 1.5 1.5
II 1.8 1.6 0.1 0.1
Coxsackie A9 18.0 16.0 0.57 0.53
Coxsackie B3 57.0 49.0 30.0 27.0
II 56.0 53.0 17.0 19.0
II 10.0 12.0 1.6 1.8
Coxsackie B5 31.0 27..0 18.0 16.0
Polio I 6.3 5.9 0.13 0.09
fl 0.3 0.2 0.05 0.05
Polio II 56.0 50.0 0.1 0.1
II 18.0 19.0 0.07 0.09
II 3.2 ' 2.91 0.03 0.03
*
It 0.63 0.71 0.02. 0.02
II 0.10 0.07 0.005 0 - 00
Echo I 5.6 5.2 0.32 0.32
f 2 " 3.2 3.3 O'. 02 0.04
*
Adeno 5 0.16 0.12 0.06 0.03
* indicates detectable deviation from first order kinetics
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Stocks of f2 were grown from single plaques picked from the plates of 
survivors exposed to 0.2 mg/l chlorine at pH 7.2, 5°C for 10 minutes.
These progeny (R1) were then treated with 0.2 mg/l chlorine at pH 7.2, 
5°C for 10 minutes and again survivors were isolated and regrown.
Five successive cycles of inactivation and regrowth were completed 
to produce isolates labelled R1 and R5 [Table 53).
These stocks were then treated with 0.2 mg/l chlorine, pH 7.2, 5°C 
and their survival measured at 2 and 10 minutes [Table 55).
No significant increase in chlorine resistance was detected in the 
progeny of the surviving plaque forming units.
I  S e l e c t i o n  f o r  c h l o r i n e  r e s i s t a n t  s t r a i n s  o f  f 2
TABLE 55 Titre of progeny stocks grown from survivors, and their 
survival in chlorine (0.2 mg/l, pH 7.2, 5°C)
Stock Titre % Survival at 2 mins % Survival at 10 mins.
Seed Stock 1.3 x 10 VI 1.9 0.0035
R1 2.7 x 101° 2.1 0.0079
R2 1.8 x 101° 1.4 0.0032
R3 7.6 x 101° 1.7 0.0037
R4 111 . 1 x 10 2.3 0.0014
R5 109,4 x 10 3.2 0.0052
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A The effect of pH on the inactivation of poliovirus and f2 by
chlorine dioxide, bromine chloride, iodine and ultraviolet light
Disinfectant concentrations were selected on the basis of a dose sufficient 
to inactivate between 99 and 99.9% of an f2 innoculum in 10 minutes 
at pH 7.2. This concentration was then used to treat poliovirus and 
f2 at pH 5, 7.2 and 9.
Chlorine dioxide
Chlorine dioxide solutions at a concentration of 6pM (0.4 mg/l) were 
highly effective against f2 at pH 9 and 7.2 but at pH 5 f2 was only 
slightly inactivated. Poliovirus was sensitive to chlorine dioxide 
at pH 9 but to a much lesser extent at pH 7.2 and hardly at all at
pH 5 (Table 56, Figure 2&').
I I I  V i r u c i d a l  . p r o p e r t i e s  o f  a l t e r n a t i v e  d i s i n f e c t a n t s
TABLE 56 Inactivation of poliovirus and f2 by chlorine dioxide 
(6yM, 5°C)
VIRUS SURVIVAL: log (Vt) 
(Vo)
MINUTES pH 5 pH 7.2 pH 9
Polio-
virus
f2 Polio­
virus
f 2 Polio- 
,virus
f 2
12 -0.21 -0.24 -0.10 -0.61 -1.3 -3.65
2 -0.23 -0.27 -0.41 -1.72 -2.31 -6.2
5 -0.51 -0.58 -0.64 -2.65 -3.15 -
10 -0.72 -0.67 -0.97 -3.46 -4.35 -
MEAN
RATE 0.07 0.06 0.09 0.32 0.38 2.78
INTERCEPT -0.10 -0.14 -0.10 -0.55 -0.91 -0.97
r 0.961 0.913 0.979 0.94 0.93 0.93
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Bromine chloride was a highly effective virucidal agent at each pH 
value tested. The concentrations used for • disinfection were the 
lowest of any of the other disinfectants, 1.4 ym hypobromous acid/ 
molecular bromine, equivalent to 0.16 mg/l bromine chloride. At pH 5 
and 7.2 poliovirus was more resistant than f2, but both viruses were 
inactivated at similar rates at pH 9 (Table 57, Figure 26). Poliovirus 
did not exhibit any resistance at pH 5, in contrast to its behaviour 
in chlorine.
B r o m i n e  C h l o r i d e
TABLE 57 Inactivation of poliovirus and f2 by bromine chloride
(1.4 yM, 5°C)
VIRUS SURVIVAL: log (Vt) 
(Vo)
MINUTES
Polio­
virus
pH 5
f 2 Polio­
virus
pH 7.2
f 2
pH
Polio­
virus
9
f 2
12 -2.27 -3.23 -1.71 -2.87 -1 .21 -0.45
2 -3.45 -4.83 -2.00 -4.26 -2.73 -1.92
5 - -2.62 -4.91 -2.85 -2.85
10 - -2.92 -3.12 -3.45
MEAN
RATE 1.51 2.10 0.27 0.69 0.25 0.33
INTERCEPT '0.65 -0.93 - 1 .71 - 1.96 - 1 . 1 2 -0.58
r 0.895 0.890 0.71 0.71 0.76 0.91
SU
RV
IV
AL
 
PO
LI
OV
IR
US
 
ol 
SU
RV
IV
AL
- 127 -
r.o
i
CM4-
OO O
O
O
CO
00LO
ft
p.
te•
'—*
CDXJ•(—EO
JZO O
CDsz’r— O')EO DCE CL_Q
>>JO
EO X•1— CM•P •ro to>•r— DC*p CL0roE•1—
•CO3 LOE• i- DC> CL
EO
DCCL
4-O
-POCD • •4- >-4- UJLU ZZ
VOCM
CD
E3Ol
OO
- 128 -
Iodine
Poliovirus was consistently more resistant than f2 (Tables 58 and 59, 
Figures 27 and 28) and both viruses were more sensitive at higher pH 
values with iodine concentrations of 15 and 30pM (38 and 76 mg/l).
TABLE 58 Inactivation of poliovirus and f 2 by iodine (15 pM, 5°C)
VIRUS SURVIVAL: log (Vt)
(Vo)
MINUTES
Polio­
virus
. f2.'- Polio­
virus
f  2 Polio­
virus
f  2
12 -0.42 -1.00 -0.51 -0.47 -0.25 -1.43
2 -0.78 -1.47 -0.51 -1 .48 -0.41 -3.25
5 -0.97 -1.85 -0.43 -1 .92 -0.95
10 -1 .00 -2.20 . -0.78 -2.38 -1 .20
MEAN
RATE 0.14 0.17 0.05 0.22 0.23 1.53
INTERCEPT -0.39 -  0.69 -0 .27 -0.49 -  0.15 -0.29
r 0.663 0.84 0.734 0.898 0.933 0.978
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TABLE 59  I n a c t i v a t i o n  o f  p o l i o v i r u s  a n d  f 2  b y  i o d i n e  ( 3 0 y M ,  5 ° C )
[jlNUTES
pH 5
VIRUS SURVIVAL: 
pH 7.2
log (Vt) 
(Vo)
pH 9
Polio­ f  2 Polio­ f  2 Polio- f  2
virus virus viurs
1
2 0.0 -1.23 0CNO1 -0.97 -1 .25 -3.42
2 -0.1 -1.92 -0.57 -2.10 -2.51 -  6.9
5 0.0 □0CN1 -1 .05 -3.50 -2.78
10 -0.51 -2.47 -1.53 -4.85 -3.00
MEAN
RATE 0.05 0.18 0.15 0.45 0.24 3.19
INTERCEPT -0.04 — 0.88 -0 .15 -  0.70 -1  .08 -0 .78
r 0.868 0.788 0.976 0.960 0.775 0.962
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Virus inactivation by u ltravio let light (Tables 60 and 61, Figures 
29 and 3o) produced an exponential decay of in fec tiv ity  with exposure 
time. Prefiltration of the virus preparations through a 50 nm mean 
pore diameter membrane did not affect the kinetics of inactivation  
significantly  at pH 7.2, and 9, however at pH 5 prefiltered virus 
was inactivated s lig h tly  faster  than unfiltered virus. Poliovirus was 
consistently more sensit ive  than f2 . The disinfection of both f iltered  
and unfiltered viruses was s lig h t ly  faster at higher pH.
U l t r a v i o l e t  L i g h t
TABLE 60 Inactivation of poliovirus and f2 by u ltraviolet light at 5°C
MINUTES pH 5
Polio­
virus
f  2
VIRUS SURVIVAL: log
pH 7.2
Polio- f2 
virus
(Vt)
(Vo)
pH 9
Polio­
virus
f2
1 -0.72 -0.32 -1 .42 -0.57 -1.73 -0.75
3 -2.37 -1 .41 0IDCQ1 -1.62 -4.21 -2.15
6 -4.31 -2.31 - -2.45 - -3.00
10 - -3.83 - -4.18 - -4.71
MEAN
RATE 0.72 0.38 1.18 0.40 1 .38 0.45
INTERCEPT -0.04 -0 .04 -0 .0 9 — 0.15 - 0 .1 4 — 0.31
r 0.998 0.996 0.997 0.995 0.996 0.98;
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TABLE 61 Inactivation of prefiltered  
ultraviolet light at 5°C
poliovirus and f 2 by
■
VIRUS SURVIVAL: log (Vt) 
(Vo)
MINUTES
pH'5 pH 7.2 pH 9
Polio- f2 
virus
Polio­
virus
f  2 Polio­
virus
f2
1 -1.44 -0.74 -1.00 -0.77 -1.49 -0.72
3 -3.23 -1.57 -3.15 -1.61 -4.12 -1.83
6 -2.35 - -2.70 - -2.82
10 -3.87 - -4.13 - -4.47
MEAN
RATE 1.05 0.42 1 .05 0.40 1.36 0.37
INTERCEPT -0 .1 6  0.15 -0.02 -0 .25 -  0.05 0.34
r 0.991 0.991 0.999 0.994 0.999 0.981
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B. The effect of ammonia on the inactivation of f2 by chlorine, 
chlorine dioxide, bromine chloride and iodine.
Ammonium chloride (1mM) was mixed with the disinfectant f ive  minutes 
before the addition of virus in the premixed studies or added at 
the same time as the virus in the unmixed studies.
All experiments were carried out•at pH 7.2, 5°C.
Chlorine [30 pH)
Chlorine was more effective  when ammonium chloride was added without 
premixing, but even so the disinfection process was almost completely 
stopped after one minute: only s light inactivation was recorded in 
the premixed experiment. The presence of ammonia in both situations  
interferred with the effect of chlorine (Table 62, Figure 31).
Chlorine dioxide (60 pm)
The presence of ammonia had l i t t l e  e ffect  on the inactivation of f2 
by chlorine dioxide, either when added before or at the same time as 
the virus (Table 62, Figure 31).
Bromine chloride (30 /um).
Bromine chloride was highly e ffec tive  in the presence of ammonia, but 
the rate of disinfection decreased after the f ir s t  minute, in both the 
premixed and unmixed experiments (Table 62, Figure 32).
Iodine (140 /uM).
Although a comparatively high concentration of iodine was required 
to achieve substantial rates of d isinfection , the efficacy of iodine 
as a virucide was not destroyed by the presence of ammonia. A more 
effective  treatment resulted when iodine and ammonia were not premixed 
before the disinfection reaction (Table 62, Figure 32).
- 137 -
TABLE 62 Comparison of the inactivation of f2 by chlorine, chlorine 
dioxide, bromine chloride and iodine in the presence of 
1mM ammonium chloride at pH 7.2, 5°C.
VIRUS SURVIVAL;: log (Vt)
(Vo)
1INUTES
Chlorine
pre- un­
mixed mixed
Chlorine 
Dioxide 
pre- un­
mixed mixed
Bromine 
Chloride 
pre- un­
mixed mixed
Iodine
pre- un­
mixed mixed
1 -0.35 i o m ED o -4.00 -4.30 i X O -2.31 OXCM1 -3.60
5 oCO01 -0.60 - -2.61 -2.91 -3.00 -4.91
10 -0.30 □CO01 - -2.63 -2.94 aXX1 -
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Redox potential was found to correlate quite closely  with chlorine 
concentrations in the range 2-14ylvl at pH 7.2 (Table 63, Figure 33).
When data points were introduced from redox measurements at different  
pH values the relationship did not hold, even when the H0C1 concentration 
was substituted for tota l free chlorine concentration (Table 6A, Figure 34).
TABLE 63 Variation of measured redox potential with chlorine 
concentration at pH 7.2
I V  R e d o x  p o t e n t i a l  a n d  d i s i n f e c t i o n
REDOX FREE CHLORINE (yM) H0C1 (yM)
550 1.4 • 1.12
590 2.1 1 .68
630 2.8 2.24
710 • 5.6 4.48
850 7.0 5.60
910 14.0 11 .20
CORRELATION
P
0.933
<0.01
0.933
<0.01
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Figure 3 3  V a r ia t ion  o f redox po ten tia l w ith ch lo r ine  concentration 
a t  pH 7.2
Total Free Chlorine yM HOC! PM
14
12
10
8
6
4
2
- 1A-2 -
TABLE 6 4  V a r i a t i o n  o f  r e d o x  p o t e n t i a l  w i t h  H 0 C 1  c o n c e n t r a t i o n
REDOX (mV) H0C1 CyM) FREE CHLORINE (yM) pH
410 0.14 2.8 9.0
510 0.92 2.8 8.0
550 1.12 1.4 7.2
590 1.68 2.1 7.2
630 2.24 2.8 7.2
710 2.70 2.8 6.0
710 4.48 5.6 7.2
805 2.8 2.8 5.0
805 5.6 7.0 7.2
910 11.6 14.0 7.2
CORRELATION
P
0.85
<0.01
0.711
<0.05
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Figure 34 Variation of redox potential with H0C1 concentration
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When the redox potential was compared with H0C1 concentrations at 
pH 5, 6, 7.2 and 9 for 2.8 yM to ta l free chlorine i t  was found to 
correlate well (Table 65) although the proportionality was different 
to the redox potential/HOCl relationship obtained at pH 7.2 alone 
(Table 6 3). Thus the measured redox potential was affected by the pH 
as well as H0C1 concentration.
TABLE 65 Variation of redox potential of 2.8 yM chlorine solution 
at different pH
REDOX (mM) H0C1 CyM) pH
805 2.8 5
710 2.7 6
630 2.2 7.:
510 0.9 8
410 0.1 9
CORRELATION
P
0.970
<0.01
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The measured redox potential was compared with mean rates of inactivation  
of poliovirus and f2 in chlorine solutions at pH 7.2 (Table 66,
Figure 35‘) and at a range of pH (Table 67, Figure 36).
At pH 7.2 there was a s ta t i s t i c a l ly  significant correlation between 
redox potential and mean rate of f2 inactivation, but the relationship  
between redox potential and poliovirus inactivation was not significant  
due to the small number of experimental results (Table 66).
TABLE 66 Redox potential and inactivation rates of poliovirus and
R e d o x  p o t e n t i a l  a n d  d i s i n f e c t i o n
f2 at pH 7.2 in chlorine solutions
REDOX (mV)
Rate:
MEAN RATE OF 
f 2 INACTIVATION
V
log  —° /  min 
- Vt
MEAN RATE OF 
POLIOVIRUS INACTIVATION
550 0.28 0.13
590 0.31
630 0.42 0.28
710 0.45 0.27
850 0.95
910 2.15 2.15
CORRELATION 0.879 0.929
P <0.05 NOT SIGNIFICANT
-  1A6. ~
Figure 35 V ar ia t ion  o f mean rates o f in a c t iv a t io n  w ith  redox 
po ten t ia l in  ch lo rine  so lu t ions a t pH 7.2.,
lo s(V i) /  
Vo
KEY Rate o f  po lio  in a c t iv a t io n  #
Rate o f f2  in a c t iv a t io n  ______
min
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When results of experiments carried out at different pH were included 
the correlation was s t i l l  s ta t i s t i c a l ly  significant in the case of f2, 
but in practice the relationship was of l i t t l e  value as a means of 
predicting disinfection rates. Again the results obtained with 
poliovirus inactivation rates were not significant (Table^ )
TABLE 67 Redox potential and inactivation rates of poliovirus and
f  2 in chlorine solutions
Rate n V O / .« log — /  min
Vt
REDOX (mV) MEAN RATE OF 
f 2 INACTIVATION
MEAN RATE OF 
POLIOVIRUS INACTIVATION
410 0.26 0.09
510 0.25 0.20
550 0.28 0.13
590 0.31
630 0.42 0.28
710 0.40 0.23
710 0.45 0.27
805 3.34 0.23
850 0.95
910 2.15 2.15
CORRELATION 0.683 0.685
P 0.05 NOT SIGNIFICANT
Mean disinfection rates correlated better with H0C1 concentrations than
redox measurements in three out of four cases (Tables 68 and 69,
Figures 36, 3 7 and 3$). H0C1 measurement was clearly a better indicator
of poliovirus disinfection capacity, but there was a lack of correlation
with f 2 inactivation over a range of pH due to the very high sen s it iv ity  
of f2 at pH 5.
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Figure 36 Variation of* mean rates of inactivation with redox potential
KEY Poliovirus
f  2 •» msm m» m»
©
X
3  R a t e  o f  i n a c t i v a t i o n  
lo g  (~yf ) /  min
- -
TABLE 6 8  H 0 C 1  c o n c e n t r a t i o n  a n d  i n a c t i v a t i o n  r a t e s  o f  p o l i o v i r u s
a n d  f 2 a t  pH 7 . 2
H0C1 (/IM) ■ MEAN RATE OF 
f 2 INACTIVATION
MEAN RATE OF 
POLIOVIRUS INACTIVATION
1.2 0.28 0.13
1.68 0.31
2.24 0.42 0.28
4.48 0.45 0.27
5.60 0.95
11.20 2.15 2.15
CORRELATION 0.971 0.964
-  . P 0.01 0.05
TABLE 69 HOC1 concentration and inactivation rates of poliovirus
and f  2
H0C1 tyiM) MEAN RATE OF 
f 2 INACTIVATION
MEAN RATE OF 
POLIOVIRUS INACTIVATION
0.14 0.26 0.09
' 0.92 0.29 0.20
1.12 0.28 0.13
1 .68 0.31
2.24 0.42 0.28
2.70 0.40 0.23
2.80 3.34 0.23
4.48 0.45 0.27
5.60 0.95
11.20 2.15 . ____2.15
CORRELATION 0.49 0.948
P NOT SIGNIFICANT <0.001
-  i5 o  ~
Figure' H0C1 concentration and inactivation rates of poliovirus
and f2 at pH 7.2
H 0 C 1  y M
lo e (* ^ | ) /
KEY Poliovirus
f  2 mm mm mm mt&
9
x
min
-  151 -
Figure 38 HCE1 concentration and inactivation rates of poliovirus 
and f 2 1
H O C !  y M
3 RATE log  ) /  mlm
KEY Poliovirus
f  2
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Redox potentials of chlorine (2.8 juM) chlorine dioxide (6 pM), 
bromine chloride (1.4 pV\) at pH 5, 7.2 and 9 were compared with the 
mean inactivation rate of f2 in these solutions (Figure 39).
In a l l  oases the redox potentials were higher at lower pH, but in 
the cases of chlorine dioxide and iodine, inactivation was slower at 
the higher redox potentials. Bromine chloride and chlorine inactivated  
f2 more rapidly at the higher redox potentials, but there was no 
overall relationship between redox potential and rate of virus 
inactivation.
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A. Disinfection and adsorption of f2
Chlorine
An in it ia l  dose of 350 pM chlorine was sufficient to reduce in fec tiv ity  
by greater than B orders of magnitude in one minute- at 5°C, pH 7.2 
(Table 70). After such treatment f2 particles were s t i l l  observed to 
attach to the p i l i  of E. co li  in a manner indistinguishable from 
untreated, infectious particles (Plates 3 and 4). After treatment with 
700 pm chlorine for one minute f2 particles were s t i l l  observed 
attached to the p i l i  of E. c o l i , but in addition some particles were 
apparently adhering to the bacterial c e l l  wall. This form of non­
specific adsorption was not observed in untreated virus samples.
Some particles remained apparently intact after exposure to 1.4 mM 
chlorine for one minute, and were s t i l l  able to adsorp successfully  
(Plate 5).
Chlorine dioxide
A chlorine dioxide concentration of 100 pM destroyed 95% of the 
in fectiv ity  of an f2 preparation in one minute. Some particles in 
this preparation were adsorbed to bacterial p i l i  in the normal way. 
(These attached particles could have been associated with the 
residual in fe c t iv ity ) .  A dosage of 300 pM resulted in a loss of 
t itr e  of greater than 8 orders of magnitude. No adsorption was 
observed in such preparations (Table 70).
Bromine chloride
Specific attachment of f2 to bacterial p i l i  was observed after  
treatment of an f2 suspension with 2.8 pM bromine chloride for one 
minute, which reduced the in fec t iv ity  by 90%. The attached particles  
may have been associated with residual in fec tiv ity .
THE IN F L U E N C E  OF D IS I N F E C T A N T S  ON V IR U S  STRUCTURE
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A concentration of 11,2 jjM bromine chloride reduced the f2 t i t r e  by 
5.5 orders of magnitude in one minute. No adsorption at a l l  was 
detected in such samples (Table 7 0 ) ,
Iodine
Iodine concentrations of 20 jjM inactivated 99.9% of the in i t ia l  t i t r e  
in one minute. No specific  adsorption was detected in such samples, 
but particles resembling virus capsids were adsorbed to the ce l l  wall 
(Plate 6, Table 68). At concentrations of 40 pM a f a l l  in t i t r e  
of greater than 6 orders of magnitude was produced in one minute 
and no adsorption was detected in such samples (Table 7 0 ) .
Ultraviolet light
Exposure of f2 to u ltraviolet light for 30 minutes induced a loss  
of t i t r e  greater than 8 orders of magnitude. After such treatment 
f2 was s t i l l  able to adsorb normally (Plate 7, Table 7 0 ) .
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TABLE 70 The effect of disinfectants on in fec tiv ity  of f2 and i t s  
ab ility  to adsorb to bacterial p i l i
Disinfectant Titre
M)
Time
(min)
log 1 0 
loss of 
in fec tiv ity
Adsorption
Charactistics
Chlorine 350 1 8.0 Specific
Chlorine 700 1 8.0 Specific and non­
specific
Chlorine 1,400 1 8.0 Low level of speci
Chlorine dioxide 100 1 1.3 Specific
Chlorine dioxide 300 1 8.0 Not detectable
Bromine chloride 114 1 1.0 Specific
Bromine chloride 11.2 1 5.5 Not detectable
Iodine 20 1 3.0 Non-specific
Iodine 40 1 6.0 Not detectable
Ultraviolet light - 30 8.0 Specific
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B. The influence of disinfectants on the structure of poliovirus 
Chlorine
After exposure of the preparation to 45 jjM chlorine at 5°C, pH 7.2 
for one minute no change in the particle morphology was detected 
by negative staining (Plate 9), but there was a 50% loss of in fec t iv ity .
A chlorine concentration of 85 pM resulted in a decrease in in fec tiv ity  
4of 10 and electron micrographs showed that the virus preparation 
now contained some enlarged capsids penetrated by negative stain  
(Plate 10).
7When in fec tiv ity  was reduced by more than 10 fold in one minute by 
a chlorine concentration of 170 pM a mass of morphologically 
indistinct fragments., of particles were observed, together with some 
enlarged capsids penetrated by stain (Plate 11).
A chlorine concentration of 1.5 mM completely destroyed any 
recognisable partic les in the preparation.
Chlorine dioxide
Chlorine dioxide concentrations of 85 or 140 jJM brought about a 95% 
and 99.9% decrease in t i t r e  respectively in one minute, but with no 
detectable change in morphology. However after treatment with 
280 pM chlorine dioxide for one minute with a resultant 99.99% loss in 
t i t r e ,  some virions were observed to be penetrated by negative stain.
Bromine chloride
Bromine chloride concentrations of 28 and 56 pM produced a 99.5% 
and 99.95% loss of in fe c t iv ity  respectively in one minute, but there 
was no effect on virion morphology. Concentrations of 170 pM 
inactivated 5 logs of virus in one minute and such samples displayed 
an uneven, mottled staining effect (Plate 12).
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Iodine
An iodine concentration of 70 jjM which only produced an 80% loss 
of in fec tiv ity  in one minute nevertheless produced a .high proportion 
of particles penetrated by negative stain. Similar results were 
produced bylSQ pM iodine, which inactivated 99% of the in fec tiv ity .  
However at concentrations of 300 /jM, which produced a 4.2 log 
decrease in in fec tiv ity ,  no intact virions were detected.
Ultraviolet light
Samples which were exposed to u ltravio let  for 15 minutes lost 4.3 
logs of their in i t ia l  t i t r e ,  but showed no morphological changes. 
Exposure for 60 minutes reduced in fe c t iv ity  by greater than 7 logs 
and such preparations contained a mixture of partic les, some penetrated 
by and some excluding negative stain.
Heat inactivation ;
Virus preparations exposed to 50°C for 5, 30 and 60 minutes displayed
3 .3  5.1 5.6a loss in t i t r e  of 10 * , 10 ' and 10 * respectively and electron
microscopy showed that after 5 minutes the preparations contained
mainly particles permeable to negative stain.
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To summarise; poliovirus inactivation by chlorine, chlorine dioxide, 
bromine chloride and u ltravio let light occurred in i t ia l ly  without any 
detectable change in virion morphology, whereas loss of in fec tiv ity  by 
iodine or heat inactivation was accompanied by a change in the staining 
properties of poliovirus.
The poliovirus samples used in th is study were also t itrated  for 
in fectiv ity  with and without DEAE dextran and dimethyl sulphoxide, 
and the results  summarised in Table 71.
TABLE 71 Titration of poliovirus with and without DEAE dextran/DMSD
CONVENTIONAL FLAQJE PLAQUE ASSAY WITH
ASSAY DEAE DEXTRAN DMSO
DISINFECTION
PROCESS RATIO
W b
I n i t ia l Final f  * 
Titre kA )
In it ia l Final 
Titre CB>)Titre Titre
UNTREATED 
(4°C, 30 min) 101.4 x 1QIU 1.7 x 1010 1.3 x 1010 1.5 x 101° -
85 uM Chlorine 101.5 x 10
n
1.4 x 101°
c
(1 min) 1.3 x 10 8.8 x 10 6.8
280 uM Chlorine 1 01.4 x 1Q,U
c
1.5 x 101°
c
Dioxide (1 min) 5.5 x 10 5.4 X 10 1.0
170 uM Bromine
1.7 x 101°
£T
1.3 x 101°
c
Cloride (1 min) 1.6 x 10 6.1 x 10 3.8
300 uM Iodine
1.2 x 1Q1°
A 101.6 x 10(1 min) 9.3 x 10 1.7 x 10 18.2
UV Light 
(15 min) 1.3 x 1Q1° 5.0 x 102 101.4 x 10 4.7 x 102 0.9
Heat (50°C,
1.6 c 101°
A 101.2 x 10
g
30 min) 1.6 x 10 1.2 x 10 75.0
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'
PLATE 1
PLATE 2
f2 particles agglutinated by specific  antiserum 
x 150 ,000
Pbliovirus particles agglutinated by specific  antiserum 
x 150,000
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PLATE 3 Normal f£ particles attached to F pili
x 150 ,000
PLATE 4 f2 particles inactivated by 350 yM chlorine attached
to F pili x 150,000
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PLATE 5 Low level of specific adsorption by f2 after treatment
with l.A mM chlorine x 100,000
PLATE 6 Virus like particles attached to E coli cell wall after 
exposure to 20 ym iodine x 70,000
- 163 -
PLATE 7- Specific attachment to F p i l i  by f2 inactivated by
ultrav io let  l ig h t  x 40,000
PLATE 8
PLATE 9
Poliovirus prepared, by zonal centrifugation consisting  
exclusively of particles impermeable to negative stain  
x 70,000
i
’ I
Poliovirus staining characteristics unaffected by 
inactivation ip 45 yM chlorine 
x 70,000
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PLATE 10 Poliovirus after treatment with 85 ;uM chlorine with 
some capoids penetrated by stain x 120,000
PLATE 11 Poliovirus after  exposure to 1.5 mM chlorine, with 
no intact particles remaining x 100,000
PLATE 12 Poliovirus partidles a fter treatment with 17QuM
bromine chloride with uneven staining characteristics  
x 100,000
D I S C U S S IO N
In the kinetic studies f2 virus assays were conducted by the Miles and 
Misra techniques, which was shown to be suffic iently  accurate and 
more economical than the conventional overlay method. The microtitration  
of poliovirus was found to be more suitable for poliovirus than plaque 
assay in those experiments which produced large numbers of samples 
for t itra t ion .
Virus samples were dispersed by sonication, in some cases followed by 
f i l tr a t io n ,  although the linear inactivation kinetics of sonicated 
poliovirus and f2 exposed to u ltrav io let  light indicated that the 
suspensions were well dispersed without f i l tra t io n  through 50 nm 
f i l t e r s .
The kinetic studies reported in th is  study showed that whereas 
inactivation by u ltraviolet light corresponded c losely  t o ' f i r s t  
order k inetics, chemical inactivation was usually:associated with 
more complex kinetics. An in i t i a l ,  rapid loss of in fec t iv ity  was 
followed after 2 to 5 minutes by a slower rate of inactivation.
This was observed with most d isinfectants, although in chlorine at 
pH 5 and pH 9 both f2 and polio.virus did behave in a manner consistent 
with f ir s t  order kinetics.
In spite of thp deviations from f i r s t  order kinetics the mean rate 
of inactivation of f2 over 10 minutes was directly proportional to 
the chlorine concentration in the range.0 to 1 mg/l. Engelbrecht 
et. al. (1978) observed that rate of poliovirus was not directly  
proportional to chlorine concentration, and that above 0.5 mg/l 
the effect of chlorine concentration on the rate of inactivation  
declined.
It is  not clear how much these results  were influenced by deviations 
from f ir s t  order kinetics. In the present study insuffic ien t data 
was obtained to confirm these resu lts .
The kinetics of f2 inactivation were unaffected by the presence of 
poliovirus, which means that no s ignificant interaction took place 
between the two viruses.
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Chlorine inactivation of both poliovirus and f2 proceeded more rapidly 
at higher temperatures, but with poliovirus a resistant fraction  
which was not as sensitive to temperature change was observed. Similar 
observations have been recorded with the heat inactivation of vaccinia 
(Kaplan 1958) and poliovirus (Koch 1960; Dimmock 1967; Youngner 1958).
The most common rationalisation proposed for the existence of a 
persistant fraction i s  that the virus suspensions contain a proportion 
of aggregates which each produce only one detectable focus of infection,  
but require several hits by the inactivating agent to be neutralised 
(Scarpino et al 1973; Chang 1967). Sharp et al (1975) have provided 
evidence based on the sedimentation properties of surviving infectious  
reovirions that these consisted mainly of aggregated partic les.
However in the conditions of. the: .experiments carried out in th is  
study, where the virus suspensions were sonicated before inactivation, 
ultraviolet inactivation profiles were shown to be associated with 
a f ir s t  order process such as would be found with a monodispersed 
preparation. U ltrafiltration to remove any small aggregates did not 
significantly  affect the inactivation kinetics. It therefore seemed 
likely  that some other feature of the process was responsible for the 
compile inactivation kinetics observed in many of the chemical 
inactivation studies.
Depletion of active disinfectant was thought to be unlikely since 
chemical assays indicated that the concentrations were maintained 
throughout the experiments. The p o ss ib i l ity  was examined further by 
the addition of fresh virus to a chlorine solution which had produced 
one set of inactivation data. The second innoculum was inactivated 
in the same way as the in i t ia l  innoculUiY\y indicating that there had 
been no significant depletion of active disinfectant. Similar results  
were reported with poliovirus in bromide chloride solution by Keswick 
et al (1978).
These results show that the heterogeneous response to d isinfection  i s  
a property of the virus suspension rather than the disinfectant, which 
being in great excess i s  essentia lly  unchanged. While Keswick et al 
(1978) attributed the surviving fraction to a resistant component they 
did not discuss the possible underlying causes.
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Several alternate conformations of poliovirus have been described: 
stain excluding and stain penetrated particles (Dimmock 1967);
C and D antigenic partic les  (Le Bouvier 1959); dense components 
(Weigers et a l . ,  1977) and particles having different iso e lec tr ic  
points (Mandel 1971). I t  has been shown that some of these conformations 
are interconvertable (Dimmock 1967; Breindle 1971) and thus i t  i s  
possible that the existence of different conformers in an apparently 
homogeneous suspension could introduce additional variation, including 
the resistance te  disinfectants.
Mandel (1971) reported that at pH 7 poliovirus suspensions contained 
particles to two different iso e lec tr ic  points, pH 4.5 and pH 7 .) ,  
whereas at lower pH the species with an iso e lec tr ic  point of 4.5 
predominated, at pH 7 and above the majority of partic les  had an 
isoe lectr ic  point of 7.0. I f  the conformer iso e lec tr ic  at pH 4.5 were 
more resistant te chlorine, perhaps being less  permeable, th is  could 
explain the observations in the study where poliovirus was found to 
be more resistant to chlorine at pH 5 than at pH 6 or 7. It  would 
also account for the exponential inactivation kinetics observed at 
pH 5 and pH 9, where species of one or other iso e le c tr ic  point would be 
present almost exclusively. The non-expenential kinetics observed at 
pH 6 and 7, also recorded by Weidenkopf (1958) could therefore be due 
to the presence of both conformers, which would introduce heterogeneity 
with respect to chlorine resistance.
It i s  not clear how th is  hypothesis could be tested, although selection  
for chlorine resistant strains of poliovirus as conducted by Bates
(1977) may produce populations with a greater proportion of virus 
isoe lec tr ic  at the lower pH.
It is  unlikely that a l l  viruses share the property of poliovirus to 
adopt more than one conformation, although i t  may be a general property 
of enteroviruses and rhinoviruses (Reuckert 1976). There have been 
reports (O'Brien and Newman 1979; Floyd et al 1978) of poliovirus with 
a single iso e lec tr ic  point at pH 8, and i t  would obviously be of interest  
to compare the behaviour of th is  type of virus with a virus iso e lec tr ic  
at pH 4.5 and 7. However i t  i s  not axiomatic that alternative  
conformations should have different isoe lec tr ic  points.
-  170 -
These observations do not account for the lack of f i r s t  order 
inactivation kinetics in f2. In. most cases the deviation from
f ir s t  order kinetics'was less  with f2 than with poliovirus. The 
structure and properties of f2 , whilst simpler than poliovirus, have 
not been studied as extensively (Boedkter and Gestland 1975) therefore 
conformational heterogeneity cannot be excluded.
Apart from properties of the disinfectant and virus suspensions there 
is  a third possible source of variation which is  the sampling and 
assay procedure. Samples were removed and dispensed into sodium 
thiosulphate solution at the time for neutralisation. I t  must take a 
f in i te  length of time for the thiosulphate to diffuse into the virion  
and neutralise any disinfectant inside. This would be more significant  
in the early samples, and could produce an apparent early rapid f a l l  
in t i t r e .  The time taken for diffusion would have to be several 
minutes, however, for a detectable e f fec t ,  and in view of the 
exponential kinetics recorded in some experiments th is  seems unlikely. 
Koch (1960) reported that a persistant fraction observed in his heat 
inactivation experiments with poliovirus were due to the assay system 
detecting infectious RNA. This explanation cannot be excluded, nor 
can the possible effect- of m ultip lic ity  reactivation (Sharp et al 1978) 
in which the damaged genomes of several viruses are able to produce 
a l l  the proteins and RNA required for complete progeny.
It is  generally accepted that chlorine i s  a more e ffect ive  disinfectant 
in water below pH 8 (Berg et al 1978; Weidenkopf 1958; Butterfield  
et al 1943; Kabler et al 1961), although Scarpino et al (1974) 
reported that poliovirus and Coxsackievirus A9 were le ss  sensitive  
to chlorine at pH 6 than at pH 10. This was disputed by Kott et al 
(1975) and Engelbrecht et al (1978) attributed the unusual results  
of Scarpino et al (1974) to the borate buffer used at pH 10. In 
these studies poliovirus I was found to be consistently highly 
resistant to chlorine at pH 5, in contrast t o  f2 which was highly 
sensitive. Whilst this exceptional behaviour of poliovirus would 
not normally be of interest in potable water treatment i t  does 
i l lu stra te  that viruses not only behave differently to bacteria, but 
that they also behave d ifferently  to other virus types. It also poses 
the question of how a simple entitytsuch as virus can adapt to
environmental changes. The possible role of conformational change 
has been discussed above.
The resistance to chlorine of poliovirus and f2 was also affected by 
the presence of inorganic ions. Previous studies (Wallis & Melnick, 
1961; Fujioka & Ackermann 1975 a, 1975 b) have shown that magnesium 
and calcium ions can affect the resistance of poliovirus to inactivation  
by heat or chemical denaturation. The results in th is  study indicate  
that the resistance of viruses to chlorine can also be affected by 
low levels  (1-10 mM) of calcium, magnesium and .aluminium ions. Since 
similar concentrations of calcium and magnesium ions can be found in 
supply water, and aluminium ions may be introduced after flocculation,  
i t  is  clear that the survival of the same type of virus after similar 
disinfection treatments could be substantially different in waters 
of different ionic content. When the survival of poliovirus was 
examined in two samples of supply water the survival of viruses in both 
cases was greater than that in phosphate buffer alone.
A long term study using a range of viruses and water samples would be 
required before any general observations on the effect of the ionic 
of water on virus s ta b il i ty  could be made. From the limited studies 
reported above the effect  of the concentration and type of ion does 
not seem to be predictable.
This study supports previous published observations (Kelly & Sanderson 
1958; Liu et al 1971) that wild virus iso la tes  display a wide variation 
in chlorine resistance and i t  was noted that Coxaekievirus B3,. the 
most resistant iso la te  tested, was also shown by Evison (1978) to be 
the most resistant in a group tested against ozone.
The coxsackievirus groups were found to share a similar level of 
resistance to chlorine, whereas poliovirus iso la tes  displayed a wide 
range of s e n s i t iv i t ie s .  Adenovirus, the only DNA virus tested , was 
found to be highly sen sit ive . Poliovirus appears to be a genetically  
adaptable virus (Kew and Reuckert 1977) and th is  is  supported by the 
experimental selection of chlorine resistant iso la tes  by Bates et al 
(1978). An attempt to se lect  a resistant strain of f2 was unsuccessful
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after f ive  passages. This may be due to the need to conserve the 
RNA sequence of f2, which results in very limited opportunities for 
adaption. The RNA and protein composition of group I RNA 'phages 
isolated from different parts of the world are highly conserved 
(Furuse et al 1978), enteroviruses in contrast are known to include 
a wide range of serotypes (Rueckert 1976).
Chlorine is  the mcjst widely used disinfectant for large scale potable 
water treatment because i t  i s  re la tively  cheap, well tried and 
effective in micromolar quantities. In water which contains substantial 
levels of ammonia or organic compounds, however, the chlorine 
combining capacity of these impurities can dramatically reduce the 
disinfecting capacity of chlorine, and produce toxic organochloramines.
Although chloramines have been shoWb to have a limited bacteriocidal 
effect (Palin 1974) viruses are much more resistant than bacteria 
(Shah and McAmish 1972; Berg et al 1978). This, and the poor performance 
of free chlorine over pH 8, means that in some circumstances 
alternative disinfectants may have to be considered.
The disinfectants examined in th is  study have a l l  been suggested as 
possible alternatives to chlorine and have been the subject of limited 
investigation.
The most important omission, ozone, has been examined elsewhere (Evison 
1978; Katznelson et al 1979; Kessel et al 1943; Majumdar et a l ,  1973; 
Burleson et al 1975). The effect of pH and ammonia on the v ir ic ida l  
capacity of chlorine dioxide, bromine chloride and iodine was therefore 
studied. The survival of poliovirus and f2 when exposed to u ltraviolet  
light was also examined.
Poliovirus was consistently more resistant to chemical inactivation  
than f2. This i s  not surprising, since poliovirus, like  the other 
enteroviruses, has evolved under the constraint of surviving the pH 
extremes and enzymes of the gastro-intestinal tract. Thus the coat 
protein of poliovirus is  l ik e ly  to be laerF . and le ss  permeable than• 
that of f 2.
Both chlorine dioxide and iodine were most e ffective  virucides at pH 9, 
where chlorine was of l i t t l e  value. Similar observations were made by 
Cronier et al (1977) using chlorine dioxide with poliovirus, coxsackievirus 
and E- c o l i . Cramer et al (1976) have also reported that iodine was 
effective against poliovirus and f2 at pH 10.
Bromine chloride was highly e ffec t iv e  against poliovirus and f2 at 
pH 5, 7 and 9. These resu lts ,  and those of Keswick et al (1978) 
suggest that bromine chloride i s  a highly potent virucidal agent in 
many conditions which would have adverse effects  on disinfection by 
chlorine.
An unexpected finding was that u ltrav io let  was more e ffec tive  at high 
pH. This difference due to pH was le ss  pronounced than those observed 
with chemical disinfectants, but inactivation of both poliovirus and 
f 2 was more rapid at pH 5 than at pH 7.2 and 9. This may have been 
due to pH effects  on the uridine bases of the RNA, which ultraviolet  
light acts on, causing dimerisation (Helentjaris and Ehrenfeld 1977).
The greater^ sen s it iv ity  of poliovirus to u ltraviolet light compared 
with f2 probably re f lec ts  the larger genome .of.poliovirus '
The presence of ammonium ions, .which react with aqueous chlorine to 
produce chloramines i s  one of the major disadvantages of chlorine 
disinfection. The effect  of ammonium ions can be minimised i f  free 
chlorine i s  mixed with the water at the time of d isinfection . This 
i s  shown in the present study and also by Cramer et al (1976).
However even with the disinfection  achieved by the transient presence 
of free chlorine, the presence of ammonia and amines seriously impair 
the disinfecting power of chlorine. This feature was absent in 
disinfection by chlorine dioxide and much reduced in disinfection by 
bromine chloride and iodine.
Chlorine dioxide has been used as an alternative disinfectant in water 
with high chlorine demand (Holden 1970). The finished water was of 
satisfactory bacteriological quality, but unfortunately virological  
analysis was not reported. The aqueous chemistry of chlorine dioxide 
i s  not as well understood as that of chlorine but i t  i s  not 
thought to react with ammonia • (Malpas 1973) and in these studies the
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virucidal capacity was not affected by ammonia. Chlorine dioxide 
has been used to remove odours caused by phenolic substances, but the 
reactivity of chlorine dioxide with organic compounds i s  less  well 
characterised than that of chlorine (Rosenblatt 1975).
Bromine chloride was affected s ligh tly  by the presence of ammonia, but 
remained a potent virucide. Hajenian (1979) has shown that bromine 
chloride i s  also effective  in the presence of organic contaminants.
Taylor and Johnson (1974) have shown that bromamines are themselves 
potent virucides.
Iodine was also effective  in the presence of ammonia, since iodine 
does not readily react with ammonia (Cramer et al 1976).
This study has shown that chlorine dioxide, bromine chloride and iodine 
are a l l  e ffective  virucides in the presence of ammonia. Chlorine 
dioxide and bromine chloride were effective  in low concentrations and 
could be of use in the disinfection of water with high chlorine 
demand, subject tc  financial and engineering considerations.
Current t itra tion  methods for free chlorine have been cr it ic ised  
because they measure to ta l free chlorine and not the more potent H0C1 
moiety exclusively (Cook 1971). Redox potential measurements at 
ambient pH were suggested as an e ffec t ive  alternative, based on Lund's 
(1961) assertations that disinfection i s  achieved by an oxidative 
process. Poynter et al (1972) have remarked that in sp ite  of the 
theoretical weakness of th is  argument, in practice redox potential 
measurements could prove useful.
The results  in section IV show that redox potential measurements are 
a fa ir ly  re liab le  indicator of the virucidal capacity of chlorine 
at constant pH, but that the correlation deteriorates i f  i t  i s  examined 
over a range of pH or i f  other disinfectants are included. The 
rate of inactivation-of poliovirus correlated better with H0C1 
concentration than with redox potential.
Thus redox potential i s  not a generally reliable  indicator of disinfectant  
power and could only be of use in conditions where there was l i t t l e  
variation in water quality. Hypochlorous acid concentration may be
somewhat mors reliab le , but i t  is  clear that the quantitative assessment 
of germicidal effic iency ought to take into account other factors,  
including pH, ionic composition and temperature.
When redox potential measurements were compared with disinfection  
rates achieved with chlorine dioxide, bromine chloride and iodine i t  
was clear that there was no overall correlation.
The recent development of an H0C1 electrode (Johnson et al 1978) may 
eventually provide a rapid automatic recording system which would 
give a better indication of the germicidal capacity of the water.
There are two areas that require further investigation before the kinetics  
of virus inactivation can be of -practical value.The f i r s t  question concerns 
the resistance of viruses which cannot be cultivated under controlled  
conditions. Early studies of Neefe et al (1945) suggest that hepatitis  
A virus may be highly resistant to chlorine, although no direct 
comparison was made with any other virus. There are many other viruses  
which have been identified  in the faeces of human beings but have not 
yet been cultivated. Until more i s  known about the survival of these 
viruses the process of d isinfection s t i l l  includes an element of 
uncertainty.
The other problem is  that of deviation from f ir s t  order kinetics.
Many reasons have been put forward, as reviewed earlier, but i t  is  
clear from th is  study that whatever the reasons, the extent of 
deviation can be dramatically affected by minor changes in the ionic  
content of the water. This means that the standard conditions of 
laboratory experiments may have l i t t l e  relation to the large scale  
treatment of supply water, which may vary in quality from day to day.
The uncertainty can be minimised by pretreatment of the water to remove
suspended so lids , which are known to enhance virus survival and by 
regulating the pH. The e ffect  of ionic content seems to be so unpredictable 
that an excess of disinfectant may be needed. A long term study of 
the survival of viruses in large scale treatment plants using seeded
stocks would be necessary to see exactly how much virus survival i s
affected by variations in water quality.
- 176 -
It was of interest to correlate any loss of in fec tiv ity  with morphological 
changes of the virion as observed by electron microscopy because of 
the insight this may give into the mechanism of inactivation. In 
addition i f  electron microscopy could be shown to have any application 
in the quantification of virus inactivation,then th is  would be one 
possible means of studying the inactivation of those viruses which 
cannot be cultivated.
Morphological observations of picornavirus are limited by their small 
size and lack of v is ib le  morphological units smaller than the virion  
i t s e l f .  It i s  only possible to determine whether or not the virions 
have been penetrated by stain, and i f  they are s t i l l  in tact. With 
f2 bacteriophage i t  was also possible to observe the specific  attachment 
of bacteriophage to the F p i l i  of the host bacteria.
Chlorine was able t° inactivate bacteriophage f2 without affecting the 
specific  adsorption process. This i s  consistent with the hypothesis 
of Dennis et al (1979) that chlorine acts on the viral nucleic acid.
At doses in great excess of the virucidal level some non-specific 
adsorption was observed which may have been due to an alteration in 
the virus capsid.
Chlorine dioxide and bromine chloride both inactivated f2 with no 
effect on adsorption, but s light increases in the dose of either of 
these agents produced some change in the capsid which prevented 
adsorption. It seems l ik e ly  that the primary" s i t e  of action of both 
these agents was either the nucleic acid or a minor structural change in 
the capsid which did not prevent adsorption , but the marginal increases 
in concentration were su ff ic ien t to prevent adsorption as well. Kruse 
et al (1968) found that f2 inactivation by bromine was marginally 
faster than the inactivation of v iral RNA and on that basis suggested 
that bromine acted primarily on the coat protein.
Iodine clearly had an e ffect  on the coat protein of f2 , since no 
specific  adsorption was observed when 99.9% of the in i t ia l  t i t r e  was 
inactivated. Particles which resembled f2 were observed attached to the 
bacterial c e l l  wall, which was uncharacteristic and suggested that the 
spec if ic ity  of adsorption had been lo s t .  Higher doses of iodine resulted
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The hypothesis that the iodine has i t s  virucidal e ffect  on the coat 
protein i s  suggested by the observations of Hsu et a l . ,  (1966) that 
free RNA and RNA extracted after inactivation remained in fective .
In contrast, u ltraviolet irradiation suffic ient to inactivate an f2 
preparation by 8 orders of magnitude had no effect  on the specific  
adsorption of virions to F p i l i .  Thus i t  i s  l ik e ly  that the ultraviolet  
light exerts a lethal e ffect  on the nucleic acid, as reported previously 
(Helentjaris and Ehrenfeld 1977).
Chlorine and ultraviolet l igh t,  therefore, appear to inactivate f2 by 
an effect on the nucleic acid, whereas iodine acts on the coat protein. 
The experiments reported here were not able to determine which way 
bromine chloride and chlorine dioxide acted, although excess doses 
did affect the coat protein.
Whilst i t  i s  possible to observe the adsorption of f2 by electron 
microscopy, poliovirus does not adsorb to any clearly defined organelle, 
and specific  adsorption can only be detected using controlled experiments 
with radio-labelled virions. Clearly such experiments are essential  
to a complete understanding of virus inactivation, but they were regarded 
as beyond the.scope o f 'th is  particular study.
It i s  well known that poliovirus can exist in two conformations which 
can be distinguished by negative staining (Dimmcck 1967). Heat 
inactivation at 5QaC was shown by Dimmock to convert poliovirus from 
a negative stain excluding particle to one which was penetrated by 
negative stain. Le Bouvier (1959) had earlier shown that heat 
inactivation at 50°C caused an antigenic change and Handel (1971) 
related th is  change to a change in the iso e lec tr ic  point of the virus.
In this study an attempt was made to correlate the loss  of in fec tiv ity  
of poliovirus preparations With observable changes in capsid morphology.
Heat inactivation produced partic les penetrated by stain , as expected, 
and u ltraviolet inactivation produced particles which remained 
unpenetrated by stain.
i n  a  l o s s  o f  d e t e c t a b l e  v i r u s  p a r t i c l e s .
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Marginal doses of iodine produced a change in capsid staining, but the 
chlorine, chlorine dioxide and bromine chloride were a l l  able to 
produce an in i t ia l  loss of virus in fec tiv ity  without altering the 
staining properties of the capsid virions. At excess doses stain  
penetration and disruption of the virions was detected.
Whereas the inactivation of polioviruses by iodine and heat was 
accompanied by a change in virion staining properties, u ltraviolet l igh t,  
chlorine, chlorine dioxide and bromine chloride can inactivate poliovirus 
without any change in the staining characteristics.
The survival of the virus nucleic acid after treatment with these
agents was examined by use of a. plaque assay which has been reported
to fa c i l i ta te  the detection of both.free viral RNA and viral RNA within 
damaged capsids (Vahera & Pagano 1965; Breindl 1971). By comparison 
of the t i t r e s  measured in th is  assay with those of the conventional
plaque assay i t  should have been possible to determine whether or not
RNA in fec tiv ity  was lost  in the process of inactivation,
Preliminary experiments indicated that the efficiency of infection of
3. 5heat inactivated poliovirus under these conditions was 10 ' lower than
that of intact poliovirus (Table 4 . ) .  This meant that, unless RNA
extraction procedures were used, experiments would have to be performed
4.5on samples which had suffered a ilo ss  of greater than 10 before any 
differences in in fec tiv ity  due to RNA or damaged partic les could be 
detected (Table 7 1 ) .
The ratio B : A i s  significant only when the inactivation process has
gone far enough to enable the re la tive ly  insensitive RNA assay to detect
differences from the conventional plaque assay. In practice th is meant
that only tho^experiments producing a reduction in t i t r e  of greater 
4. 5than 10 could be used.
The results strongly suggest that the RNA of poliovirus was intact  
after treatment with iodine and, of course, by heat. The effect of
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ultraviolet light appeared to be on the RNA, but the experiments with 
chlorine, chlorine dioxide and bromine chloride were inconclusive.
However there seems no reason why further experimentation of th is  kind 
could not resolve the question of the survival of v iral RNA after  
disinfection.
An alternative approach to the same problem is  to follow the changes 
in the virion by radio-labelling and physical separation procedures 
such as centrifugation. Such a study of the effect  of chlorine on 
poliovirus by O’Brien and Newman (1979) reported that no detectable 
capsid alteration was induced by 14 jjM chlorine, but that the RNA was 
cleaved into smaller fragments in situ  and then released from the 
capsid. These results  partially contradict those of Tenno et al (1977) 
who reported that although virucidal doses of chlorine did not 
induce any major structural changes in poliovirus, the in fec t iv ity  of 
RNA extracted from inactivated virions was similar to that of untreated 
virions.
There are some advantages in labelling viruses with a gamma emmiter such 
131as iodine, for instance such viruses could be detected in environments 
which would quench beta radiation, such as in water or sludge, or 
attached to so lids . Also, in the department where th is  research was 
conducted access to a gamma counter was readily available, whereas a 
counter for beta emmissions was not available.
131The successful iodination of SV40 and adenovirus with I whilst 
retaining in fec t iv ity  has been reported (Frost 1977).
In addition Carthew and Martin (1974) reported that a fter  an in i t ia l  
exposure to iodination procedures i t  was possible to iodinate bt>vine 
enterovirus, a piconavirus, without disrupting the capsid, although 
no studies of in fec tiv ity  were undertaken.
In view of the results of Frost and of Calrthew and Martin i t  was . 
considered that iodine labelling of poliovirus might have been possible 
without destroying in fec t iv ity .  From the results  of three separate 
experiments using radioactive potassium iodide and chloramine T, 
however, i t  was apparent that the surface charge of poliovirus was
-  *80  -
affected, resulting in altered behaviour on isoelectrophoresis.
Although some of the virus was s t i l l  able to absorb to and infect  
c e l ls ,  the altered surface charge coupled with the low level of specific  
radioactivity suggested that the method was not suitable for examining 
the behaviour of normal poliovirus. From the results of Ward (1977) 
and D’Briea and Newman (1979) i t  i s  clear that conventional radiolabelling  
techniques using labelled uridine or amino acids can be of use in 
structural studies of inactivated virions.
Although i t  is  possible that poliovirus and f2 are inactivated by 
similar chemical mechanisms the kinetic observations clearly show that 
in spite of their structural s im ila r it ie s ,  f2 is  a poor model for the 
behaviour of poliovirus in disinfectants. It seems likely  that no one 
virus, or any other organism, could be a satisfactory indicator for 
a l l  viruses.
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